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INTRODUCTION 
It is a well-known fact that a state of hyperemia, i.e., an increase 
in both blood flow and blood content in parts of the female reproductive 
tract, occurs shortly before ovulation. This noncongestive hyperemia is 
caused by an increase of circulating estrogens secreted from ripening 
Graafian follicles. The study of the effect of estrogen and the develop­
ment of simple techniques for its detection are of interest in controlling 
fertility and in reproductive endocrinology. Also, these studies could 
lead to the development of easy and reliable methods for measuring the 
varying levels of estrogens in blood. These methods could replace some of 
the more cumbersome methods of estrogen measurements such as chemical 
blood assay. Additionally, these studies are valuable for the design of 
instrumentation used for controlling fertility. 
The fifth annual report of the World Health Organization on human 
reproduction, November 1976, states that: 
The appeal of these methods would increase if techniques were de­
veloped to permit women to determine precisely the fertile and 
infertile phases of the menstrual cycle. The development of simple 
"do-it-yourself" methods for distinguishing these phases would en­
hance the effectiveness and simplify the use of methods based 
solely on periodic abstinence. It would also allow couples who 
use certain methods of fertility regulation such as the condom and 
the diaphragm to limit these to the days of the fertile period. 
When pregnancy is desired such techniques could improve the timing 
of intercourse for conception. Furthermore, when post-coital 
agents become available, they would allow their use to be re­
stricted to the ovulatory period. 
It has been the hope of many people to develop a simple and safe method 
for determining the time of ovulation in humans and large farm animals. 
2 
The former is the prime interest for birth control purposes and the latter 
is for livestock production. 
In recent years there has been an effort, based on physiologic and 
engineering principles, to develop new methods for measuring the increased 
blood flow caused by high level of estrogen circulating in blood. This 
increased blood flow alters several physical factors in parts of the 
female reproductive tract, namely: 
a. thermal conductivity 
b. color 
c. absolute temperature 
d. electrical resistance 
e. nyometrium biopotentials 
In this study a technique, based on the first three factors, has been 
developed to observe the hyperemic effect of estradiol on the vaginal wall 
of female species. Early in this study, two simple optical probes 
(cervical and vaginal wall) were designed for color detection. The 
vaginal wall probe indicated some changes due to estrogen effect in the 
human and ewe. The cervical probe failed to show any measurable change 
because of the shape of rabbit's birth canal. 
A method for vaginal wall thermal conductivity measurements was also 
developed. A multi-sensor electronic probe was designed which continuous­
ly measured vaginal wall thermal conductivity, light reflectance, and 
absolute temperature. This probe indicated obvious changes during the 
mid-menstrual cycle in the human, during the estrous cycle in the ewe, and 
following 173-estradiol injection in ovariectomized ewes and the cow. 
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REVIEW OF LITERATURE 
Design of instrumentation for the detection of estrogen's hyperemia 
effect based on readily observable physical factors in the female repro­
ductive organs is a new concept. Basically, two general methods have been 
used for this detection: direct and indirect. In direct measurements the 
amount of blood flow has been measured by electromagnetic blood flow 
probes (Greiss and Anderson, 1969), indicator-diffusion methods (Dickson 
et al., 1969), and catheter methods (Mattner and Thorburn, 1969). Indirect 
methods are based on the measurements of changes in physical factors such 
as color, temperature, thermal conductivity, and volume of the female 
reproductive organs. The direct measurement method and development of 
blood flow measuring probes are beyond the scope of this study. 
History of Thermal Conductivity Measurement 
Devices Based on Blood Flow Variations 
Gibbs (1933) first described a method for the determination of blood 
flow in tissues by using thermocouples. The method is based on the 
principle that the temperature of a constantly-heated thermocouple will 
be changed by a flowing medium in contact with it. The elimination of heat 
from a solid substance depends upon certain intrinsic qualities, but in 
living tissues there is the additional factor of heat loss due to the 
circulating blood. This circulation controls the apparent thermal conduc­
tivity of the tissue. Gibbs' probe in its original form, consisted of an 
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iron-constantan thermocouple in which the constantan wire was connected 
through copper leads to an external source of current. 
Grayson (1952) modified Gibbs' method and developed a new apparatus 
which he called an Internal Calorimeter. The apparatus is shown in 
Figure 1. The thermal sensor, which was embedded in the tissue, consisted 
C.W. 
Figure 1. Internal calorimetry (Grayson, 1952), general circuit, inter­
rupted wire, cotinuous lines, copper wire. C.W., constantan 
wire; H.L., heated leads; T.W., thermocouple lead; R.J., re­
cording junction; K, galvanometer; R, resistance; C.J., cold 
junction; V, variac autotransformer; F, fixed transformer; A, 
ammeter; T, Cambridge Vaco junction; G, unipivot galvanometer. 
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of a fine electrically-heated filament whose temperature was measured by 
means of the thermocouple. Grayson's instrument made the measurement of 
the effective thermal conductivity of tissues practical. His device was 
used to measure thermal conductivity of organs such as the liver, kidney, 
and spleen. 
Linzell (1953) made model experiments with artificially perfused 
media, from which he could show a linear function (within physiologic 
limits) between increasing values of blood flow and figure for thermal 
conductivity. Linzell's probe, which was based on the design of Grayson's 
device, did not show a relationship between the heat applied to the 
thermal sensor and the blood flow passing them in vivo. 
The first attempt to measure blood flow in the endometrium by 
thermo-elements was made by Loeser (1948), using a modification of a 
stomach probe described by Richards et al. (1942). Richards' probe was 
made from a heater coiled with six thermocouples working on Gibbs' 
principle. Loeser was unable to obtain a quantitative correlation between 
the probe's signal and blood flow. 
Prill and Gotz (1961) made remarkable studies on myometrium and endo­
metrium thermal conductivity by designing a probe similar in form to a 
needle for intramuscular injection. See Figure 2. Prill's probe was 60 
mm long with an external diameter of 0.9 mm. A heating circuit was in­
stalled at the closed apex of the probe and was driven with a constant 
alternating current of 0.2 to 0.6 Amperes. A second circuit for measuring 
the temperature was inserted within the probe, about 10 mm from the apex. 
The heated apex, maintained at constant temperature of 3°C above the 
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Figure 2. Diagram of a probe used to record myometrial thermal conduc­
tivity (Prill and Gotz, 1961). 
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local body temperature, represented the warmed medium; its temperature 
changed with the blood flow. The thermal conductivity figure was ob­
tained from the measurement of the difference between the temperatures 
recorded in the two circuits. The thermal conductivity, X, was calculated 
from the formula: 
where 
K = a constant factor 
I = heating current intensity 
6 = temperature difference 
Prill's probe was used to measure the thermal conductivity of the endo­
metrium during the menstrual cycle of the human female. 
Abrams et al. (1972) described a different thermal technique for 
vaginal thermal conductance studies based on heat flow concepts. Abrams' 
device consisted of a cylindrical probe 6.2 cm long with a greatest diam­
eter of 2.50 cm. See Figure 3. Four heat flow discs were mounted on the 
surface of the probe. Water at a known temperature (between 21 and 22°C) 
circulated at a constant rate through the probe and provided a heat sink. 
Each heat flow disc consisted of an alloy of tellurium coated on its two 
sides with a fine copper gauze. Heat flowing through a disc produced a 
small temperature difference between the two sides of the disc which was 
directly proportional to both the rate of heat flow and the thickness of 
the disc and inversely proportional to the thermal conductivity of the 
tellurium. The temperature difference produced a voltage which could be 
read with a potentiometer. 
A POLYURETHANE PQâM 
B SILVER PLATE 
C. SILVER CONTAINER 
0 MEAT FLOW DISC 
E. SILVER BAFFLE 
F TYGON TUBING 
Figure 3. Longitudinal (A) and cross-sectional (B) diagrams of vaginal 
heat flow device designed by Abrams and Stolwijk (1972). 
The probe was calibrated by placing it in a constant temperature 
water bath at 40°C. The product of the water flow rate and AT (water out-
water in) gave the calories transferred each minute to the water leaving 
the probe. This value divided by the number of millivolts produced by the 
heat flow discs gave a calibration factor. The thermal conductance was 
computed by multiplying the millivolt signal by the calibration factor and 
dividing this product by the temperature difference between the body and 
the water circulating through the probe. Abrams' probe was used to meas­
ure the thermal conductance of ovariectomized (Abrams and Stolwijk, 1972) 
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and nonpregnant (Abrams and Bazer, 1973) ewes. Results from these studies 
indicated that thermal conductance increased as estrogen blood level in­
creased. 
Based on simple electronic techniques, Benoit et al. (1975) developed 
a new probe for vaginal wall thermal conductivity measurements. The egg-
shaped probe was made from clear epoxy material and consisted of three 
sensors which detected light reflectance, absolute temperature, and 
thermal conductivity. The thermal conductivity sensor was made of a self-
heated glass bead thermistor in conjunction with the circuit illustrated 
in Figure 4. This thermal conductivity system was calibrated by immersing 
THCRMISTOR 
^ THERMAL 
CONDUCTIVITY 
Figure 4. Electronic circuit for measuring vaginal wall thermal conduc­
tivity (Benoit et al., 1975). 
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the probe in various standard materials of known conductivity. The probe 
was used for vaginal wall thermal conductivity measurements in ovariecto-
mized ewes. Results from the use of the probe indicated that following 
estradiol injection (i.v.) thermal conductivity increased. 
Wong (1976) described a thermal system for the measurement of the vag­
inal heat transfer coefficient. His cylindrically-shaped probe was made of 
Teflon and aluminum and contained a thermistor sensing segment placed 3 cm 
from the apex of the probe. The temperature of the thermistor was meas­
ured by an electronic circuit as illustrated in Figure 5. After some 
thermistor 
(To X-Y Recorder) 
Figure 5. Circuit diagram of the temperature signal processing system 
designed by Wong (1976). 
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mathematical analysis, the heat transfer coefficient was calculated by 
evaluating the Biot number.^ Wong's probe, when tested on an ovariecto-
mized ewe showed that the vaginal heat transfer coefficient increased 
following estradiol injection (i.v.). 
At the present time a study (World Health Organization, Project No. 
75142) is being done by R. M. Abrams (personal communication. Dr. 6. 
Benagiano, Human Reproduction Unit, World Health Organization, 1976) on 
the detection of ovulation by measuring changes in vaginal thermal con­
ductivity. The results of this study will be available in 1977 (World 
Health Organization, 1976). 
History of Blood Flow Detection Based on 
Absolute Temperature Measurements 
Since the beginning of modern physiology, different methods have been 
used to measure the absolute temperature of organs such as the liver, 
intestine, brain, and kidney. Abrams et al. (1970, 1971) has done exten­
sive studies on the absolute temperature of the uterine cavity, cervix, 
and vagina of sheep following administration of estrogen. In his studies, 
nylon-coated copper-constantan thermocouples were used to measure the 
temperature difference (AT) between the aorta and the uterine cavity, 
cervix, and vagina. After estrogen injections (i.v.) AT was reduced, 
which indicated an increase in uterine blood flow. 
^A dimensionless number used in heat transfer which is equal to the 
product of heat transfer coefficient times thickness and divided by 
thermal conductivity. 
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More recently, Benoit et al. (1975) developed a simple electronic 
system for vaginal absolute temperature measurements. The temperature is 
measured with a glass bead thermistor in conjunction with a simple elec­
tronic circuit as illustrated in Figure 6. The temperature sensor was 
placed in the same probe used for the thermal conductivity measurements. 
It was calibrated by immersing the probe in water baths of known tempera­
tures. Results from the use of this probe indicated that a temperature 
decrease occurred in an ovariectomized ewe following estradiol injection 
(i.v.). 
THERMISTOR 
TEMPERATURE 
Figure 6. The electronic system designed by Benoit et al. (1975) for 
measuring vaginal wall temperature. 
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History of Instrumentation for Color Detection 
Based on Blood Flow Variations 
In many domestic animals, especially pigs and sheep, a swollen and 
red vulva is observed during estrus. Markee (1932) observed that the 
uterine venous blood color became bright red following estrogen adminis­
tration. 
There has been very limited study on the color change within the 
female reproduction tract. Fortunately, reflection oximetry employing the 
basic colorimetric sensing principle has been in use for many years and is 
applicable to this study. Zilstra and Mook (1962) presented detailed 
accounts of the technique. Kapany and Silbertrust (1964) described an 
instrument for in vivo oximetry using fiber optics. Edgington (1965) and 
Erickson (1966) made advance studies on the application of fiber optics in 
oximetry. Brown (1972) discussed the sources of error in light reflection 
oximetry. Cohen and Wadsworth (1972) described a new skin reflection 
oximeter using a light emitting diode. The principle of photoplethysmog-
raphy has been described in detail by Weinman (1967). He also investi­
gated the application of photoconductive cells in photoplethysmography 
(Weinman and Fine, 1973). 
The first photoplethysmographic study of the vaginal blood pulse was 
done by Palti and Bercovivi (1967). Their probe was made from a regular 
vaginal speculum (Figure 7) and consisted of a photoelectric cell sensitive 
to red light and a miniature electric light bulb. A simple circuit (Figure 
8) was used to convert the electrical resistance of the photocell into a 
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Figure 7. The probe used by Palti and Bercovici (1967) for vaginal blood 
pulse photoplethysmographic studies. 
To 
Rtcerding 
Intlrumant 
<&—J 
Figure 8. Photoelectric cell assembly for converting light intensity 
changes into a varying voltage (Palti and Bercovivi, 1967). 
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varying voltage. In normally ovulating women, a cyclic change in the 
pulse height and shape was observed. 
A second attempt for vaginal color change measurements was made by 
Benoit et al. (1975). Their egg-shaped probe, as mentioned before, was 
made from clear epoxy. The color sensing transducer consisted of a light 
emitting diode having a peak spectral intensity at 660 nm. Reflected 
light from the vaginal wall was detected by a cadmium-selenium photo-
conductor cell. See Figure 9. In ovariectomized ewes, this light re­
flectance transducer did not detect a measurable change following estra­
diol injection (i.v.). 
LIGHT EMITTING 
INTENSITY, OLOOE 
^—S-—, 
TISSUE PHOTO 
CONDUCTOR 
—«W— 
wkn 
LIGHT 
REFLECTANCE 
Figure 9. Electronic system used by Benoit et al. (1975) for vaginal wall 
light reflectance measurements. 
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At the present time a study supported by the World Health Organiza­
tion (project No. 75100) is being done by J. Weinman (personal communica­
tion, Or. 6. Benagiano, Human Reproduction Unit, World Health Organiza­
tion, 1976) for the detection of blood volume changes in the vaginal 
mucosa using the principles of photoplethysmography. The result of this 
study will be available in 1977 (World Health Organization, 1976). 
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ESTROGEN AND ITS HYPEREMIC EFFECT 
As mentioned in Appendix A, ovarian hormones consist of progesterone 
and estrogen. Estrogens are produced predominantly by the theca cell in 
the follicle phase and by the luteinized granulosa cell of the corpus 
luteum in the post-ovulatory phase (Rhodes, 1969). This is the reason 
for observing two estrogen peaks during a normal menstrual cycle. The 
first peak is shortly before ovulation and the second peak occurs about 
eight days after ovulation. See Figure 10. 
Ovulation 
450 
400 
350 
300 
1 250 
1 
200 
lii 
150 
Estradiol 
100 
Davs of menstrual cvcle 
Figure 10. Estradiol levels in the peripheral circulation during a normal 
menstrual cycle (Benson, 1976). 
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The estrogens are derived from the steroid hydrocarbon whose name is 
perhydrocyclopentenophenanthrene. 173-estradiol is the principle estro­
gen secreted during a cycle. The prefix estra- implies that the basic 
estrogen nucleus is present and the -diol means that there are two "ol" 
groups present. The suffix -ol always means that there is an alcoholic 
"oh" group in the molecule. The 176- means that the "OH" group is 
attached to C17 (carbon seventeenth). 
The ovary can synthesize estradiol from simple compounds such as 
acetate and cholesterol (a substance of estradiol hydrocarbon). It is 
probable that during the follicular phase of the menstrual cycle estradiol 
is produced in the theca cell via the A® pathway (Benson, 1976). See 
Figure 11. It is estimated that total daily production of estradiol in 
woman is about 50 micrograms during the follicular phase of the cycle, 
with a rise to about 150-300 micrograms at ovulation. 
The hyperemic effect of estrogen on the uterus was known as early as 
the beginning of the nineteenth century. Markee, in 1932, observed that 
the color of the uterus of the guinea pig underwent rhythmic variations 
that made the mucous membrane appear to blush and blanch every 15 to 20 
seconds. These color variations were due to changes in blood flow in the 
capillaries and arterioles. Close to ovulation, when proestrus merges 
into estrus, the vascular rhythms stop and a state of hyperemia, or con­
tinuous blush, develops in the endometrial and myometrial (Markee, 1932) 
capillary vessels. In the guinea pig, hyperemia begins some six to ten 
hours prior to ovulation and stops soon after ovulation (Markee, 1932). 
In the rabbit, maximum vasodilation occurs several hours before ovulation 
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Figure 11. A® pathway of estradiol production (Benson, 1976). 
(Reynolds, 1965). Bacsich et al. (1940) reported that hyperemia is 
greater in some parts of the uterus than in others. 
The rhythmic vascular phenomena described above are under the control 
of the ovary and are believed to be specific for uterine tissue. Markee 
(1932) reported that the period of continuous blush (hyperemia) can be 
induced by the injection of follicular hormones, namely estrogen. Fol­
lowing the fundamental experiments of Markee (1932) many investigators 
have studies the hyperemia effect of the estrogens on parts of the female 
reproductive tract (Gilman, 1941; Kalman, 1958; Greiss and Marston, 1965; 
Salvatore, 1968; Dickson et al., 1969; Huckabee et al., 1970; Abrams 
et al., 1971; Benoit et al., 1975; and Wong, 1976). 
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Greiss and Anderson (1970) and Greiss and Marston (1965) have demon­
strated a sharp increase in uterine blood flow of an ovariectomized ewe 
following estradiol injection (i.v.) using an electromagnetic blood flow 
probe. Dickson et al. (1969) measured uterine blood flow in sows after 
estradiol and progesterone administration. The blood flow was measured by 
the indicator-diffusion method. Estradiol administration was associated 
with increased uterine blood and high uterine weight. Following the pro­
gesterone administration, uterine weight increased and its blood flow de­
creased. Huckabee et al. (1970) demonstrated that, in nonpregnant ewes, 
estradiol administration was followed by a fall in the coefficient of 
oxygen utilization of the uterus and an increase in uterine blood flow. 
The latter was associated with no increase in uterine oxygen consumption. 
The decreasing effect of estrogen on endometrium and myometrium 
capillary bed resistance to blood flow is the reason for the above 
hyperemia. It has been shown that estrogen increases the nuclear volume 
of the muscular cells (hypertrophy) of endomyometrial arterioles in rats 
(Salvatore and Schreiber, 1947) and myometrial arterioles in humans 
(Salvatore, 1962, 1968). Hypertrophy of the vessel wall is principally 
due to cellular hypertrophy which is well-correlated with the increase in 
size of the nuclei under estrogen stimulation. 
Based on the fact that there is a relation between nuclear volume and 
the number of chromosomes, it seems that nuclear hypertrophy would be due 
to an interphasic growth of the cells. However, Mirsky and Ris (1951) and 
Gelfant and Clemmons (1955) have shown that the DNA found in diploid cells 
in somatic tissue was unchanged during nuclear hypertrophy. Gelfant and 
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Clemmons (1955) demonstrated that the nonhistone protein fraction doubled 
with a doubling of the nuclear volume. Therefore, it can be assumed that 
nuclear hypertrophy is due to a "chemical or functional process." The in­
crease of nuclear volume must be Interpreted as having a dependence on the 
synthesis of the nonhistone protein and RNA. 
Thus, under estrogen stimulation, there are two types of phenomena: 
(1) functional, represented by the variation in diameter and lumen size 
of the arterioles, according to the phase of the menstrual cycle and (2) 
morphologic, represented by nuclear hypertrophy (doubling volume) of the 
muscle cells of the arterioles. 
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INSTRUMENTATION FOR THERMAL CONDUCTIVITY AND 
ABSOLUTE TEMPERATURE MEASUREMENTS 
Theory 
Heat conduction is basically the transmission of energy by molecular 
motion. Thermal conductivity is the physical property of a substance 
which controls the transfer of heat (within the substance) by conduction 
(Chapman, 1974). The thermal conductivity of a material is independent of 
the geometry of the material; it depends on the chemical composition of 
the substance(s) of which it is composed, the phase in which it exists, 
the temperature and pressure to which it is subjected, and whether or not 
it is a homogeneous material. 
In physiology, when we refer to the thermal conductivity of living 
tissue, we should consider two factors : 1) the thermal conductivity of 
dead tissue with no blood circulation (heat conduction); and 2) the effect 
of blood circulation in the tissue which transfers some heat by convection 
(Seagrave, 1971). Heat convection is based on motion of materials. 
In this study, whenever the term "thermal conductivity of the vaginal 
wall" is used, what is meant is the effective or apparent thermal conduc­
tivity, which consists of the heat convection due to blood circulation and 
heat conduction due to the tissue itself. 
The local temperature of vaginal tissue is based on the existing 
balance between the net heat generated by local cellular metabolism, the 
heat removed or brought in by blood circulation, and the temperature of 
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surrounding tissue. Thus, the energy balance equation for the reproduc­
tive tract can be written as: 
Accumulation of heat in_„„^. K».A.mh+ in (convection (blood circulation) 
the reproductive tract brought in {conduction 
. . . I convection (blood circulation) . net rate of heat genera 
- heat removed (conduction ^ tion due to metabolism 
(1) 
The above equation is schematically illustrated in Figure 12. 
Heat Conduction 
à 
Heat In REPRODUCTIVE TRACT Heat Out 
Blood Flow Heat Production (Metabolism) Blood Flow 
Î 
Heat Conduction 
Figure 12. Model of heat energy balance of the reproductive tract. 
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The increased blood flow due to estrogen apparently is not accom­
panied by a significant change in the rate of heat production, as seen 
from data on uterine oxygen uptake (Huckabee et al., 1970). Knowing that 
the reproduction organs, like other internal organs, of large mammalians 
are warmer than the arterial blood (Abrams et al., 1971) and that in the 
absence of large changes in heat conduction from the surrounding tissue, a 
marked increase in blood flow will cool the reproductive organ (increasing 
heat removal in Equation 1) by a measurable temperature increment. The 
high specific heat of blood and its proximity to the source of thermal 
energy makes the blood an effective heat sink. The thermal conductivity 
of the organ is also affected by this blood flow increase (Wong, 1976; 
Benoit et al., 1975; Abrams and Bazer, 1973; Abrams and Stolwijk, 1972; 
Prill and Gotz, 1961). 
Instrumentation Design and Analysis 
The general heat conduction equation in spherical coordinates is 
ir = ?F <'•' If' r4inë & H' * r'sin'e 
where: r = radius, <|> = longitude, 0 = colatitude, T = time, t = tempera­
ture, q* = heat generation, p = density, = specific heat, a = 
thermal diffusivity 
If the generation term is omitted and the temperature is independent on 
(J> and 0 coordinates then at steady-state. Equation 2 is reduced to 
Solving this equation for t, gives 
25 
^ [ r ^ | f ]  =  0  o r  r ' | l = A  ( 3 )  
/dt = /-pdr => t = - p + c 
The constant "A" for a given sphere (Figure 13), with the boundary 
assumptions that at r = rj, t = ti and at r = ra, t = ta, can be calcu­
lated as follows: 
-ti = - c 
-> ta - t i = a[l/ri - l/rz] 
or 
Substituting A into Equation 3 gives 
f ' (l/r! : ?)r.) (5) 
Figure 13. Spherical heating model. 
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Fourier's law in one-dimension and in spherical form with constant thermal 
conductivity is 
q(heat flux) = ' K(thermal cond.) § (6) 
From Equations 5 and 6 we have that 
Now consider an electrically-heated spherical source of heat in a large 
mass of material, with the following assumptions (see Figure 14). 
1. The sphere is small compared to the mass of the material (R»r). 
2. The thermal conductivity of the sphere is high {To=T^). 
3. The environmental temperature (T_) is not affected by the heat 
released by the sphere. 
4. The environment is a homogeneous material. 
5. The heat is released uniformly to the material by conduction. 
Figure 14. Cooling of an electrically-heated sphere. 
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At steady-state the energy balance equation becomes: 
In other words, the heat generated by the sphere is equal to the heat 
leaving the sphere. 
Comparing Figures 13 and 14 with the related assumptions, it can be 
concluded that r = rz, Iz = = T*, T_ = Ti, and R = ri»r2. Thus we can i d 
rewrite Equation 7: 
i . « v v  
Ag "FFT/rT 
But since T_ < T„, o i 
. K(T -T )4nr: 
Q - — V  
Finally, since 8 = - T_ = temperature elevation of the sphere, we have i d 
Q = 4K0irr 
In the electrically-heated sphere, V = voltage source, R = electrical 
resistance of the heated source, and r = radius of the sphere. Since 
1 calorie = 4.184 joules, we can write 
Afcalt _ _ 1 ,cal\ 
^'sec' ~ R 4.184 ^sec' 
Thus the following equation is obtained 
t = 1* 74 * "'cm-si-'c' " «(°c) " " * <«> 
If V, R, 0 and r are known, the thermal conductivity of a material (K) 
can be measured by applying Equation 8. 
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To summarize, it has been shown mathematically that with an elec­
trically-heated spherical source of heat in an infinite mass of material, 
a steady-state is approached in which the relationship between heat gen­
eration and heat loss is represented by Equation 8. 
A measuring system based on Equation 8 was developed for vaginal wall 
thermal conductivity measurements. Before describing this system, the 
following method will be discussed. 
Primary approach for thermal conductivity probe design 
If a small heated thermistor is placed inside a living tissue, the 
rate at which heat is carried away from the thermistor is an expression of 
the amount (and/or velocity) of the flowing blood within that tissue. 
Thus, the power input required to maintain the temperature of the heated 
thermistor at a constant level slightly above that of the tissue is a 
precise indication of the relative flow at that point. This principle can 
be applied to measure the thermal conductivity of a tissue. 
A circuit similar to that used by Benoit et al. (1975) was designed. 
See Figure 15. As the amount of blood flow varies, the heat removed from 
thermistor (R^^) would change (increased blood flow cools and in­
creases its resistance). The resistance change unbalances the Wheatstone 
bridge in the circuit. 
The thermistor^ used in this probe is a glass bead type (D = 2.5 mm) 
and was placed in the tip of a polyethylene tube (D = 2 mm, L = 15 cm). 
The thermistor was sealed to the tip of the tube by epoxy glue (Figure 16). 
T#41A67, Victory Engineering Corporation, Springfield, New Jersey. 
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0-10 KO 
OP AMP 100 n 
16 V 0-100 yA 
200 yf 
Ri = zero adjustment 
Ra = gain adjustment 
Figure 15. Circuit diagram designed in the primary approach for the 
thermal conductivity measurements. 
2 mm 
15 cm 
Thermistor 
Figure 16. Thermal conductivity probe used in the primary approach. 
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The procedure for probe calibration consisted of mixing different 
solutions with known conductivities (Chapman, 1974; Weast, 1973). These 
solutions and their thermal conductivities are shown in Table 1. Eighty 
ml of each solution was put into five (100 ml) volumetric flasks. These 
volumetric flasks were then placed in a water bath having a constant tem­
perature of 37®C. The probe was inserted vertically into each flask and 
after 30 minutes the current was read from the ammeter. The results are 
shown in Table 2. The input voltage' (V in Figure 15) was set to 16 
volts. This resulted in the temperature of the thermistor being held at 
38.4°C, which was 1.4*C above the water bath temperature. 
In the calibration procedure, the convection heat in the five solu­
tions contained in the volumetric flasks should be taken into considera­
tion. Otherwise, it is almost impossible to calibrate the probe accurate­
ly. After a great deal of time and effort had been spent on the calibra­
tion procedure, it was concluded that this probe was not suitable for 
clinical and daily vaginal wall thermal conductivity measurements. 
This conclusion was made on the basis of the following: 
a. The probe is temperature dependent. Any small change in the 
temperature of the environment (a small body temperature change 
is normal in a walking animal) will change the temperature of 
resulting in an error in thermal conductivity readings. A 
second thermistor must be added to the bridge circuit of Figure 
'#62008 DC Power Supply, Hewlett-Packard Company, Rockville, 
Maryland. 
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Table 1. Thermal conductivity of standard solutions 
Solution K (cal/cm-sec-°C) Temp. (®C) 
30% CaClz 13.24 X 10-- 37.0 
15% CaClz 14.07 X 10-* 37.0 
Water 15.05 X 10-4 37.0 
100% glycerol 6.77 X 10-4 37.2 
40% glycerol 10.62 X 10-4 37.2 
Table 2. Calibration table of the probe designed in the primary approach 
Solution at 
37*C K (cal/cm-sec-°C) 
High gain 
current (yA) 
Low gain 
current (yA) 
40% glycerol 10.62 X 10-4 82.0-84.5 61.0 
30% CaClz 13.24 X 10-4 66.0-57.0 57.0 
15% CaClz 14.07 X 10-4 54.0-50.0 50.0 
Water 15.05 X 10-4 40.0 38.0-40.0 
15 so that any change in the environmental temperature can be 
sensed by the probe. 
b. The system seems to be unstable as indicated by the calibration 
table (Table 2). 
The same calibration procedure, as described above, was used by Benoit 
et al. (1975). The accuracy of their calibration method and circuit 
(Figure 4) operation (using only one thermistor) is questionable. 
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Final approach for thermal conductivity probe design 
As mentioned previously, a measuring system was developed based on 
the equation 
P = Ç = I^R = 16.74 K6nr (8) 
where 
P = power generated 
I = heating current 
V = heating voltage 
R = heating filament resistance 
0 = temperature elevation of the sphere 
r = equivalent radius of the heated sphere 
Based on the principle of this equation, two probes were constructed: one 
with a small diameter (see Figure 17) and another with larger diameter 
(see Figure 21). 
Small diameter thermal conductivity probe (stage one) 
A small probe with a simple heating element was designed by making a 
small groove in a ceramic resistor (R = 1050, 1/4 W). This groove was 
deep enough so that a hypodermic needle thermistor^ could be placed in 
it. The resistor was then placed into the end of a black flexible poly­
ethylene tube (L = 15 cm) as shown in Figure 17. The end of the tube was 
sealed with epoxy glue. The terminals of the heating element (the re­
sistor) and the thermistor were exposed at the other end of the tube. 
^Model #513 hypodermic needle thermistor accompanied with YSI elec­
tronic thermometer. Yellow Springs Instrument Co., Yellow Springs, Ohio. 
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Thermistor 
Resistor 
Probe 
Terminal 
I P o l y e t h y l e n e  t u b e  
3 mm Heating element 
10 cm 
Figure 17. Diagram of the probe and heating element construction. 
Epoxy glue was used to seal the terminals. The temperature of the elec­
trically-heated element can be measured by the needle thermistor using an 
electronic thermometer.^ The power (P) generated by this probe is equal 
to R X 1= or 1^- where R is the resistance of the resistor, I is the 
current through the resistor, and V is the heating voltage source (from 
2 a DC power supply ). 
If I, R, r, 8 are known, one can estimate the thermal conductivity 
(K) using Equation 8. The temperature elevation, 8, can be measured by 
1 Model #43TF, Yellow Springs Instrument Co., Yellow Springs, Ohio. 
^Model #62006 DC Power Supply, Hewlett-Packard Co., Rockville, 
Maryland. 
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finding the temperature (Ti) of the probe when V = 0, and the temperature 
(Tz) of the probe when V = some constant. Thus, 8 = Tz - Ti. Ti and Tz 
are measured by the thermistor placed inside the probe (Figure 17) using 
the electronic thermometer. The equivalent radius (r) of the heated 
element is empirically estimated by immersing the probe into various 
materials of known conductivity. This procedure will be described later. 
To examine the physical basis and validity of Equation 8, the rela­
tionship between V and 8 was determined. The probe was vertically 
immersed in a solution consisting of 5% gelatin by weight and water. The 
preparation (in a 250 ml volumetric flask) was immersed in a temperature-
controlled water bath. The temperature of the solution was kept constant 
at Ti = 36.78®C. After a sufficient length of time the DC power supply 
was turned on. By adjusting the voltage of the power supply, the probe 
was heated to Ta = 37.28®C. Thus, the temperature increment, 8, was equal 
to 0.5°C. For this value of 6 the voltage of the power supply was re­
corded. The above procedure was repeated at temperature increments of 
0.2, 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0°C. Finally, the relationship be­
tween V and 8 was plotted and is shown in Figure 18. 
As can be seen from Figure 18, the relationship between V and 8 (from 
8 = .5 to 8 = 4.0®C) is linear, provided the bulk of the fluid was ade­
quate. The break at 8 = 0.5 was probably due to insufficient heat gen­
erated at the low voltages (1.6 volts and less). Grayson (1952) performed 
a similar experiment. He demonstrated that and 8 are linearly related 
in Equation 8. His heating source was a self-heated thermocouple. If 
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e (°c) 
Figure 18. The relationship between V and 6 of the small probe. 
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the media is pure water, then for large values of 0 when convection cur­
rents in the water become appreciable, the linearity is lost as shown in 
Figure 19. 
CSJ 
I 
E 
CM t—« 
0.7 
0 
e (°c) 
Figure 19. Relationship between and 6 in Equation 8. Probe in water; 
convection effects (Grayson, 1952). 
37 
A reasonable value for V (in Equation 8) can be estimated from Figure 
18. V will be assigned the value of 3 volts because it lies on the mid-
portion of the linear part of the graph. The last parameter that needs to 
be estimated in Equation 8 is r. An empirical method was used to estimate 
the value of r. The probe was vertically immersed in water (the tempera­
ture of the water was maintained at Ti = 37.12®C. At this temperature the 
thermal conductivity was 15 x lOr* cal/cm-sec-®C. The DC power supply was 
then turned on supplying 3 volts to the heating element of the probe. 
After a sufficient length of time, Tz was read from the electronic ther­
mometer. For this test 
8 = Tz - Ti = 38.90 - 37.12 = 1.78*C 
From Equation 8 we have 
Ç=16.74KTrr0 
and substituting the known values gives 
^ (f~) = 16.74 X 15(cal x lO'Vcm-sec-^C) x 3.14 x r (cm) x 
1.78 (°C) 
Thus 
r = 0.6105 cm 
The above procedure was repeated using 1% gelatin in water. It was 
assumed that the 1% gelatin solution would eliminate some of the convec­
tion currents. For this experiment 
8 = Tz - Ti = 39.05 - 37.19 = 1.86°C 
and thus 
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(3): 
^ ' 16.74 X 15 x^lO- X TT X 1.86 " 
In the second case r is slightly smaller. The estimated value of r com­
pared to the size of the heating element and the probe (Figure 17) is 
reasonable. 
To examine the accuracy of the probe, it was inserted into the stand­
ard solutions of known thermal conductivities (Table 1). K was calculated 
by finding 0 and by using Equation 8 with r = 0.5843 cm. The results are 
shown in Table 3. 
Table 3. Accuracy of the probe designed in stage one 
Solution at K^, from standard K®, from the 
37°C tables probe 
30% CaClz 13.24 13.40 ± 0.15 
15% CaClz 14.07 14.25 + 0.15 
Water 15.05 15.00 ± 0.15 
100% glycerol 6.77 7.23 + 0.15 
40% glycerol 10.62 11.80 ± 0.15 
= cal X 10~Vcm-sec-°C. 
It has been observed that if the temperature of the water-bath 
varies, the values for the calculated K's would still agree with the 
standard values of K. Thus, this probe, unlike the previous prove (de­
signed in the primary approach), is independent of the environmental tem­
perature. Therefore, the thermal conductivity (K) of a substance can be 
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calculated by using this probe and by using the equation 
K V*/R - 9/105 „ 1 
^ ' 16.74 X TT X r X e 16.74 x 3.14 x 0.5843 * 0 
or, in simplified form, 
K = 2-79 X ^ cal/cm-sec-°C 
In general, K « 1/6, and for this probe the constant of proportion­
ality is 2.79 x 10"' (cal/cm-sec). Any probe designed on the basis of 
Equation 8 will have a different constant of proportionality which can be 
estimated as was done in this study. The relation V^/R = 16.748Knr is 
therefore clearly applicable to the present work, where r is the radius of 
the sphere which would behave thermodynamically in the same way as the 
heated resistor. 
The limiting factors in the use of this method and probe can be sum­
marized as follows: 
1. In Equation 8 a limiting factor arises from the bulk of the tis­
sue. The tissue volume has to be large compared to the heating 
element. 
2. The second problem results from the fact that the thermistor used 
to measure Ti and Tz (Figure 17) is not in the center of the 
heating element. The amount of heat which reaches the thermistor 
may vary depending upon the position of the probe within the 
tissue (i.e., vertical or horizontal and if the thermistor is on 
top of or below the heating element). 
3. Temperature gradients arise along the polyethylene jacket (Fig­
ure 17). In this case, some of the heat is lost to the tube. 
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4. Incorrect temperature readings can cause some error in calculat­
ing the value of K. This is due to the fact that the tempera­
tures Ti and Tz are read from an electronic thermometer with an 
accuracy of 0.05®C. This probably would cause the ±0.15 varia­
tion in the calculation of K (Table 3). 
5. Time is required to establish a temperature equilibrium. It was 
observed that after the DC power supply was turned on it took four 
minutes to reach equilibrium as shown in Figure 20. If, within 
o 
o 
41.0 
-  © "  
^ 40.0 
CM 
39.0 &Ti=T2=39.08 ®C 
J I 1 ' ^ 
12 3 4 
Time (minute) 
Figure 20. The probe was vertically immersed in 5% gelatin solution (in a 
temperature-controlled water bath). Ti was observed to be 
39.08°C, the power supply was turned on (V = 3), and then Tz 
was read at 1 minute intervals. 
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this four-minute time period, the tissue temperature varied Ti 
would also vary and would no longer be the same as the initial 
recorded value of Ti. This would result in an error in the 
calculation of K. 
6. The procedure for determining the thermal conductivity was done 
manually (the heating element had to be turned on and off in 
order to find 0 = Ti - Ta). Therefore, this was a relatively time 
consuming and inaccurate procedure. 
Thermal conductivity and absolute sensing probe (stage two) 
In this stage, the measuring method and probe discussed in stage one 
were completed by developing a more advanced system for both instantaneous 
thermal conductivity and absolute temperature measurements. 
The heating element of the new probe was constructed by placing a 
regular ceramic resistor (R = 540, 1/2 Matt) into a 4 mm diameter hole 
which was drilled in the center of a solid aluminum rod (D = 15 mm, L = 
12 mm). One of the leads of the resistor was passed through a small 
groove between the resistor and the rod. The two resistor leads were then 
exposed at one side of the rod. This rod was then fitted into a second 
aluminum rod (D = 25 mm and L = 12 mm). Figure 21 illustrates the diagram 
of the heating element. 
It was assumed that the heat generated by the resistor, after passing 
through the first aluminum rod, was dissipated uniformly throughout the 
second rod. In order to measure the surface temperature of this elec­
trically-heated element, a small hole (6 mm deep) was made 1 mm radially 
in from the outer surface of the second rod as shown in Figure 21. A 
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6 mm 
Hole 
ro 
cn Resistor 
Leads 
First Rod 
Second Rod 
12 mm 
Figure 21. The diagram of the heating element. 
small spherical precision thermistor^ (Appendix C) was inserted into this 
hole. The thermistor's leads were brought to the center of the heating 
element next to the resistor's leads. The two ends of the heating element 
were covered by a very low thermal conductance insulating material (Styro-
foam). This insulation insured that the heat generated by the heating 
element was dissipated to the surrounding environment only through the 
aluminum rod surface. 
The two insulating ends of the heating element were connected to two 
p Teflon rods (D = 25 mm). The Teflon rod which formed the head of the 
^Model # 44030, Yellow Springs Instrument Co., Yellow Springs, Ohio. 
p 
E. I.duPont de Nemours, Inc., Wilmington, Delaware. 
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probe was rounded for easy insertion (Figure 22a). The other Teflon rod 
was connected to the light reflecting (or color sensing) segment of the 
probe, which is described in the Instrumentation for Color Measurements 
section. After the color sensing segment, the absolute temperature sens­
ing element was attached to the probe. This latter section, which formed 
the end of the probe, was made from an aluminum rod (D = 25 mm, L = 8 mm). 
A small hole (4 ram deep) was drilled 1 mm radially in from the outer sur­
face 180 degrees opposite the hole which was previously made in the heat­
ing segment. A second precision thermistor (identical to the one used in 
the heating element) was placed inside this hole for vaginal absolute 
temperature measurements. 
All leads from the heating element, thermistors, and color measuring 
sensing components passed through a hole which was drilled at the center 
of this multi-sensor, cylindrically shaped probe. Figures 22a and 22b 
illustrate the overall diagram and photograph of this multi-sensor probe, 
respectively. All connections between the different segments of the probe 
were sealed with epoxy glue. 
The two thermistors placed in the probe were part of an electronic 
circuit (Figure 23). This circuit instantaneously measured both the 
thermal conductivity and the absolute temperature. The circuit consisted 
of three stages. The first stage was the sensing part and consisted of 
two Wheatstone bridges. The first bridge measured the absolute tempera­
ture (Ti). The thermistor placed in the end of the probe formed one leg 
of one bridge and the thermistor placed in the heating element formed one 
leg of the other bridge. 
Heating Element Absolute Temperature Segment 
\ Optical Segment 
First Thermistor 
40 mm 
Lead 
2 mm ro 
tn 
Second Thermistor Insulator 
Figure 22a. Schematic drawing of the multi-sensor probe. 
Figure 22b. Photograph of the multi-sensor probe. 
Figure 23. Circuit diagram used for the thermal conductivity and absolute temperature measurements. 
Power required for the circuits was supplied by a commercial power supply (Model 
#2.15.100, Semiconductor Circuits, Inc., Woburn, Massachusetts. 
=0.7V LM341-5 • +15V 
0.22wf 
in 
lOOyf IN4002 .22wf 
lOOKfi 
O-lOOpA 
AD521 
CO 
TOKO 
BB3660J 
O-lOOuA 
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AD521 00 
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The second stage, an amplification stage, consisted of three instru­
mentation amplifiers (Appendix B). The first two amplifiers^ amplify the 
2 
output voltages from the two bridges. The third amplifier amplifies the 
difference between the two output voltages of the preceding amplifiers. 
3 The third, or indicating, stage consisted of two microammeters. 
One of the meters displayed the amplified output voltage of the first 
bridge (absolute temperature) and the other meter indicated the output 
voltage of the third instrumentation amplifier which was proportional to 
Tz - Ti = e (see Equation 8). 
A linear output voltage from the Wheatstone bridges over the desired 
temperature range was obtained by selecting the opposite bridge leg re­
sistance to be equal to the thermistor resistance at the midpoint of the 
temperature range. The adjacent bridge leg resistances were chosen to be 
equal to the thermistor resistance at the temperature where the bridge was 
nulled. See Figure 24. The resistance of the two thermistors used in 
these circuits over a wide temperature range is tabulated in Appendix C. 
The excitation voltage for the bridges (E^^) was selected in such a 
manner that the thermistor self-heating effect was reduced to a minimum. 
The bridge input voltage was determined from the following expressions. 
E = (PR,,)% 
Ej^ = 2 X E = bridge input voltage 
^Model #AD521, Analog Devices, Inc., Norwood, Massachusetts. 
2 Model #3660, Burr-Brown, Tucson, Arizona. 
^Models #55046 and 55029 (Knight), Allied Radio Corp., Chicago, 
Illinois. 
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Figure 24. Plot of output voltage of bridge one over the temperature 
range of 36-44°C. The thermistor was immersed in a tempera­
ture-controlled water bath. 
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where 
E = voltage across the thermistor 
'^th " resistance of the thermistor at the midpoint of the temperature 
range (R = 15980 at 40®C) 
P = the power dissipation constant of the thermistor in air 
(1 mW/®C, as given by the manufacturer) 
Thus: 
x p 
= 1598 X 1 X 10": X 0.1 (factor 0.1 is 50% of 0.2°C allowable 
precision) 
E = 0.399 volts across the thermistor 
Ein = 0.79 volts across the bridge 
To be safe, E.^ was chosen to be 0.7 volts. This value was obtained from 
a voltage regulator^ and a diode as is shown in Figure 23. 
The circuit operation is as follows. If the temperatures of the two 
thermistors are equal (this is the case when the electrical heating ele­
ment is off and a temperature equilibrium exists between the probe and its 
surroundings), the output voltages of the two bridges are the same. This 
results in a zero indication for the second meter (Ti = Tz and 0 = 0). At 
the same time, the first bridge indicates the temperature of the environ­
ment, or to be more precise, the local temperature at the end of the 
probe. 
^Model #LM341-5, National Semiconductor Corp., Santa Clara, 
California. 
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When the electrical heating source is activated, its temperature, Tz, 
is greater than the local body temperature, Ti. (The heating element is 
kept about 1®C above environmental temperature.) Thus Ta is always 
greater than Ti and their difference Tz - Ti is continuously indicated by 
the second meter. Therefore, the thermal conductivity is determined by 
monitoring 6 and using Equation 8. 
The absolute temperature (Ti) is read from the first meter. This 
meter was calibrated so that a change in temperature as low as 0.0125*C 
was detectable. The meter which indicated temperature differences was 
calibrated in such a manner that the full scale reading was 1.25°C. This 
permitted a temperature difference as low as 6.25 x 10r**C to be easily 
detected. This allowed calculations of the thermal conductivity to be 
done with a very high degree of accuracy. The 0 reading meter could also 
be calibrated for direct indication of thermal conductivity. 
In summary, the overall operation of the thermal conductivity and 
absolute temperature measurement device is as follows: 
1. The probe (Figure 22) is inserted into the vagina with the heat­
ing element off. 
2. The meter indicating 0 is observed until it indicates a zero 
reading (temperature equilibrium between the probe and the 
vagina). 
3. The heating source is turned on. This results in an immediate 
increase in 0. 
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4. After the 0 indication stabilizes (temperature equilibrium be­
tween the heating source and the vaginal tissue) the values for 
thermal conductivity and absolute temperature are determined. 
Since both thermistors are part of the thermal conductivity measure­
ment, if the body temperature varies the probe would immediately sense 
this variation. Both Ti and Tz would change by the same amount and 0 
would remain constant. Therefore, the thermal conductivity determination 
is independent of environmental temperature changes. This is the primary 
advantage of this probe over the previous probes. 
In the preceding sections when Equation 8 was being derived it was 
assumed that the electrically-heated spherical source of heat was small 
compared to the mass of the material in which it was embedded. This 
assumption seemed to be fairly reasonable for the simple probe designed in 
stage one of this study (r, the equivalent radius of the heated sphere, 
was found to be 0.584 cm). The probe which was constructed in stage two 
is much larger than the one designed in stage one (see Figures 17 and 22). 
Since the limiting factor in the use of Equation 8 is due to insuffi­
ciency of the bulk of tissue with respect to the size of the probe, one 
may doubt that the new probe cannot be operated on the basis of Equation 
8.  
To examine the validity of this uncertainty, the relationship between 
V and 0 of Equation 8 for the new probe was determined. A series of ex­
periments, similar to those carried out on the first probe, were per­
formed. The probe (Figure 22) was placed horizontally (with the heating 
element thermistor facing up) in a solution consisting of 10% gelatin (by 
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weight) and water. The preparation (400 ml gel in a 600 ml beaker) was 
then immersed in a temperature-controlled water bath. The temperature of 
the gel was kept constant at 39.5®C. After four hours (for temperature 
equilibrium), values of 6 for different voltages were determined. The re­
sult of this experiment is shown in Figure 25. As can be observed from 
this figure, the relationship between V and 0 for this probe is linear 
between 3.2 to 5.0 volts. 
A second experiment was performed under the same conditions except 
that the bulk of the solution was kept deliberately small. The result of 
this experiment (Figure 26) indicated that V and 0 were linearly related 
only for a small range of 0. Thus, for this probe. Equation 8 is valid 
providing the supply voltage is less than four volts. A reasonable value 
for V was chosen, from Figures 25 and 26, to be 3.36 volts. 
In order to examine the independency of the probe on environmental 
temperature changes, the probe was immersed into a 5% gelatin and water 
solution. The preparation (600 ml beaker) was then placed in a tempera­
ture-controlled water bath. After a sufficient length of time, a zero 
reading was observed on the 0 meter. While the temperature of the water 
bath was reduced, both 0 and absolute temperature (Ti) were recorded. As 
is seen from Figure 27, 0 remained constant. 
The equivalent radius (r) of the heated sphere of the new probe was 
estimated similarly as the procedure used for the previous probe. The 
effect of convention currents was completely eliminated by immersing the 
probe into a solution consisting of 10% gelatin (by weight) and water (400 
ml in a 600 ml beaker). The preparation was then placed in a temperature-
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Figure 25. The relationship between V and e of the multi-sensor probe. 
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Figure 26. The relationship between V and 0 of the multi-sensor probe. The bulk of the solution 
was kept deliberately small. 
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Figure 27. The relationship between 0 and environmental temperature 
variation. 
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controlled (37*^0) water bath. 0 was measured for a constant voltage 3.36 
Volts. The value for r was calculated by substituting the known param­
eters, V = 3.36 Volts, R = 54 Ohms, 6°C, and K = 12 x 10"*^ into Equation 
8. The above procedure was repeated several times and r was calculated to 
be 3.2 ± 0.01 cm. 
Thus, from equation 8 the constant of proportionality for this probe 
can be calculated which is 1.24 x 10"^(cal/sec-cm). The thermal conduc­
tivity of a substance, K, can be determined using this probe and the 
expression 
K = ^ ^ cal/sec-cm-°C 
^The thermal conductivity of 10% gelatin (by weight) and water solu­
tion is 12 X 10"" cal/sec-cm-®C (Grayson, 1952). 
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INSTRUMENTATION FOR COLOR CHANGE DETECTION 
Theory 
Photoplethysmography (PHPL) is a noninvasive method of monitoring 
changes in peripheral blood volume. The methods of PHPL can be applied to 
detect the color change of parts of the reproductive tract. The PHPL 
method consists of illuminating the skin with a light flux and detecting 
transmitted (or backscattered) light from the vascular bed by a photo­
sensor. Reliable evidence supports the assumption that the amount of 
light reaching the photosensor is affected by blood-volume changes in the 
tissue (Weinman and Fine, 1973); more blood corresponds to less light re­
flected and vice-versa. This is due to the fact that the extinction co­
efficient of blood is much higher than that of tissue; more light is 
absorbed by blood than by tissue. Thus, the light reflected or trans­
mitted by the tissue is more dependent on tissue blood than the tissue 
itself. 
By using PHPL periodic blood-volume pulse (BVP) and blood-volume (BV) 
can be recorded. In this study our interest is on the latter. The BVP 
arises from changes in blood volume caused by the pulsating blood pres­
sure. The BV variation is due to vasomotor activity, or in our case, the 
increased effect of estrogen on the radius of the capillaries in parts of 
the female reproductive tract. 
In PHPL the light source and photocell can be attached next to each 
other on the skin (or tissue surface). This method is commonly used for 
skin surface measurements. Problems related to this method include the 
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following: construction of light source and photocell next to each other, 
attachment of the transducer on the skin surface, and the noise signal 
produced by the heat released from the light source to the surrounding 
tissue. 
It should be pointed out that, if the light source and the sensor are 
placed on one side of the skin surface, the sensor records the reflected 
light. This method is used for large areas of the body, i.e., arm, chest, 
and leg. If the light source and the sensor are facing each other, with 
tissue between them, then transmitted light is recorded. This scheme is 
used on the finger, ear lobe, and toe. In both cases the light which is 
transmitted to the sensor depends upon the volume of blood in the tissue 
and the oxygen saturation of that blood. In cervical and vaginal blood 
volume measurements, the reflected light method seems to be more practi­
cal. Since the measurements must be made internally, the problem of the 
probe design is critical. 
One way to overcome this problem is to transmit the reflected light 
- from the reproductive tract to the outside of the body. This can be 
accomplished by using fiber optics, an approach used in this study. 
In human blood the red cells represent about 99% of the cellular 
components, which in turn represent about 45% of the total blood volume. 
The cellular percent of total blood volume is called the hematocrit. 
Hemoglobin is the active component of the red blood cells and is either in 
an oxygenated or a reduced state. 
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The fraction of the impinging light which is reflected by the repro­
ductive tissue is essentially determined by three factors: 
1. The reflecting properties of the tissue. 
2. The amount of blood in the tissue (hematocrit). 
3. The color of the blood (which depends on the oxygen saturation of 
the blood). 
Factor 1 may be considered to be constant for a given subject during the 
observation period. This factor may vary from person to person or from 
one menstrual cycle to the next cycle in the same person. Factors 2 and 3 
are affected by the levels of estrogen. 
Let us consider the reproductive organ as a compartment model (Figure 
28). 
Arterial 
Blood 
REPRODUCTIVE Venous 
ORGAN Blood 
Figure 28. Compartment model of the reproductive organ. 
An increase in arterial blood flow, due to high levels of estrogen, 
will cause the following changes: 
1. An increase in the number of red blood cells. 
2. A decrease in the reduced hemoglobin. 
The first change is due to an increase in vessel lumen diameter which 
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causes more red blood cells to be passed through the compartment. The 
second change is due to the fact that the oxygen uptake of the reproduc­
tive tissue remains unchanged (Huckabee et al., 1970), while the tissue 
oxygenated blood flow is increased. 
Because of blood flow variations, in any tissue color change study the 
optical properties of blood in the tissue should be taken under considera­
tion. The reflection properties of blood at two different light wave 
lengths, 660 and 805 nm, have been known for many years. At 660 nm the 
largest difference in the amount of light reflected between oxyhemoglobin 
and reduced hemoglobin is observed (Figure 29). At 805 nm, the isobestic 
point of blood, all hemoglobin reflects essentially the same and light at 
this wave length is used to measure the amount of blood in the tissue. 
Thus, informative data about the effect of estrogen on the blood content 
of the reproductive tract are obtained if the reflected light from the 
tissue under these two wave lengths is studied. 
Analysis of the System 
Lamebrt-Beer's law expresses the relationship between incident and 
transmitted light as (Edgington, 1965) 
L = LQ x lO'Gc 
where 
LQ = incident light 
L = transmitted or absorbed light 
e = extinction coefficience of the material 
c = thickness of the medium 
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Figure 29. Spectral transmission of reduced and oxygenated hemoglobin 
(Erickson, 1966). 
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Consider a model of a segment of tissue as shown in Figure 30. Zilstra 
and Mook (1962) and others empirically demonstrated that Beer's law 
M 
8 
Tissue BV V 
P 
Figure 30. Model of tissue segment. The lengths t, d, and x represent 
the equivalent thicknesses of the tissue, blood volume, and 
blood volume pulse, respectively. 
could be applied to the circulating whole blood. Therefore, for this 
model one can write 
L = LQ X  i o -e(t+d+x) (10) 
The variation of BVP with respect to BV is very small and if we assume 
that the tissue thickness (t) and its extinction coefficient remain con­
stant during the high levels of estrogen. Equation 10 can be written as 
L = LQ x 10"®t^ X 10'®b^. Let A = lO'^tf = constant. Then, 
L = LQ x A X lO'Gbd 
log L = log + log A - e^d (11) 
Let log LQ + log A = B = constant. Thus, log L = B - e^d. Since B and e^ 
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(for a given wave length) are constant, the blood volume (d) can be 
monitored by measuring L. 
Instrumentation Design 
As seen from Equation 11, blood volume changes, due to changes in 
estrogen level, can be detected by measuring the transmitted light, L. 
Two color measurement systems were developed based on this equation. The 
first system consisted of a pen-shaped probe with an ohmmeter^ as the 
indicating device. The probe (Figure 31) was made from a plastic hollow 
2 tube (L = 12.5 cm, D = 1 cm) in which a small photoresistor and a minia-
ture lamp were mounted in such a way that the angle between the photocell 
4 
and the bulb was 170 degrees. The lamp was powered by a DC power supply. 
The resistance of the photocell, which is a measure of the reflected light 
from the vaginal wall, was measured by the ohmmeter. 
A block diagram of the second color measurement system is shown in 
Figure 32. Light is transmitted by the afferent fiber optics to the 
reproductive tissue. The reflected light is then passed through a multi­
pass filter by the efferent fiber optics. The reflected light is con­
verted to an electrical signal by a photocell which is one of the arms of 
a Wheatstone bridge. The electrical signal, after being amplified, is 
^Model #269, Simpson Electronic Co., Chicago, Illinois. 
^Model #CL906, CI ai rex Electronics, Mt. Vernon, New York. 
^Model #633, North American Philips Lighting Co., Hightstown, New 
Jersey. 
^Model #IP-18, Heath Co., Benton Harbor, Michigan. 
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12.5 cm 
Photoresistor 
Lamp 
Figure 31a. Diagram of the pen-shaped optic probe. 
Figure 31b. Photograph of the pen-shaped optic probe. 
Cervical and Vaginal 
Region 
Fiber 
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Light 
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Fiber 
Optics 
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Light Sensor 
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<Ti tn 
Electronic Circuit 
Amplifier 
Bridge 
Circuit 
Figure 32. Block diagram of the second color measurement system. 
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monitored by an ammeter. The sensing element of this color measuring 
system is a photoconductive cell. The choice of the photoconductive cell 
was dictated by the following considerations: 
1. A high sensitivity to the near infrared part of the light spec­
trum was needed. Only one percent of the incident light is back-
scattered from the tissue to the sensor. Most of the back-
scattered light is in the near infrared (700-900 nm) spectral 
band because tissue is relatively transparent in this region, 
whereas it strongly attenuates visible light (Weinmanand Fine, 
1973). 
2. A small size was necessary (they are made as small as 3 mm in 
diameter). 
3. A requirement for long term stability. Blood-volume changes due 
to constriction or dilation of vessels caused by estrogen are 
slow events. Observations over many minutes or even hours are 
needed to reach valid conclusions. 
Blood-volume changes due to the effect of estrogen are long-term 
events. Monitoring of the color changes in parts of the reproductive 
tract is feasible only after elimination or compensation of drift arti­
facts arising from resistance changes in the photoconductive cells. Drift 
in the resistance results from two causes: light history and temperature 
dependence. The light history effect is described as follows (Weinman and 
Fine, 1973; Brown, 1972). If the cell is kept in the dark for several 
hours and then suddenly exposed to light the resistance change in the cell 
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is achieved nearly instantaneously. Then, as Figure 33 shows, the cell's 
resistance drifts toward its former high dark-resistance value. 
0 
-i—» 
100 
Figure 33. Light adaptation curve. The cell was kept in the dark and, at 
time = 0, was suddenly exposed to a light where the cell re­
sistance at time = O"*" was approximately 70,000 Ohms. Tempera­
ture was constant at 30*C (Weinman and Fine, 1973). 
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The different components of the color measurement system (Figure 32) 
were designed as follows. 
Light source 
A bulb^ was placed in a 4 x 4 x TO cm aluminum box. For light trans­
mission a small hole was made in front of the bulb on the box. The bulb 
was powered by a DC power supply connected to the bulb's input terminals 
which were mounted on the outside of the box (Figure 39). 
Light sensor 
A 12 x 10 X  10 cm wooden box was constructed. Its inside was painted 
with black paint for minimum inside light reflectance. A hole (D = 5 mm) 
for light transmission was made in the lower front of the box. Two glass 
2 
optic filters were mounted in front of the hole. By means of a handle on 
the outside of the box, the two filters could be moved to the left or 
right as desired (Figure 34). The filters are multi-layer, all-dielectric 
interference filters which transmit light with a high spectral selec­
tivity. One of the filters has a peak wave length of 660 nm and a band­
width of 9.5-10.2 nm. This filter, with standard long wave length block­
ing to 800 nm, has a maximum peak transmission of 40-45 percent. However, 
additional blocking is required, so a blocking piece is added to increase 
long wave length blocking to 1200 nm. This gives a maximum peak trans­
mission of 35-45 percent for the 660 nm filter and blocking piece 
^General Electric, Allied Electronics, Elgin, Illinois. 
^Model #S-1, S-1 (NIR), Baird Atomic Co., Cambridge, Massachusetts. 
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1. Fiber optic cable 
2. Terminal connector 
3. Filters 
4. Photocell 
5. Small lamp 
6. Wires 
7. Variable resistor 
8. Output terminals 
9. Handle 
Figure 34. Diagram of the light sensor box. 
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combined. The other filter has a peak wave length of 805 nm. It has 
maximum transmission of 35-45 percent with standard blocking to 1200 nm. 
This filter has an approximate bandwidth of 11.7-13.7 nm. Transmission 
outside the pass band for both filters is 0.1 percent (Erickson, 1966). 
Behind the filter but exactly in front of the hole, a photoconductive 
cell^ was placed. The spectral sensitivity of this photocell is shown in 
Figure 35. 
A small bulb in series with a variable resistor was placed inside the 
box for photocell light history correction. Terminals for the photocell, 
bulb, and variable resistor were mounted on the wooden box. Figure 34 
shows a schematic diagram of the light sensor box. 
Electronic circuit 
A simple bridge circuit was designed to process the signal produced 
by the photocell. Figure 36 shows the circuit. 
Two optic probes were constructed for the tissue color change ex­
periments. The first probe was designed early in this study. It was a 
Y-shaped, small diameter (D = 7 mm) probe which was believed to be 
suitable for cervical color change detection. A larger (D = 25 mm) 
optical probe was designed for vaginal wall color change detection later 
in the study. 
^Model # CL 604 L, CIai rex Corp, Mount Vernon, New York. 
Figure 35. Spectral sensitivity of a CL604L photoconductive cell 
(Erickson, 1966). 
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E = bridge input voltage 
R = resistor 
Rb = gain adjustment potentiometer 
Rc = scale adjustment potentiometer 
Ry = zero adjustment potentiometer 
lA = instrumentation amplifier (AD521) 
Ra = gain set 
Rph = photocell 
Figure 36. Electronic circuitry for the reflected light measurements. 
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Construction of the Y-shaped fiber optic probe 
Two jacketed plastic fiber guides^, each containing 64 fibers, were 
cut to a length of 60 cm. From the end of each fiber optic bundle 10 cm 
of the jacket were removed (Figure 37). Each exposed fiber from one fiber 
guide was placed next to another fiber from the other fiber guide. This 
50 cm .10 CI 
Figure 37. Fiber guide with the end exposed. 
procedure was done as randomly as possible. The end result contained 128 
fibers. These exposed fibers were placed inside a plastic tube (L = 
12 cm, D = 0.6 cm). Epoxy glue was injected inside the plastic tube in 
order to hold the fibers together. This Y-shaped fiber guide contained 
128 fibers in its single end and 64 fibers in each of its double ends. 
The ends of the fiber optic bundles were polished so that light could be 
transmitted with a better focus. If light is sent into one of the double 
ends of the fiber optic, the reflected light from the single end can be 
detected from the other double end (Figure 38a). The amount of reflected 
light depends upon the material exposed in front of the single end of the 
^Model #2507, American Science Center Inc., Chicago, Illinois. 
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Figure 38a. The Y-shaped fiber optic probe. 
fiber optic. The ends of the fiber optic bundles were fitted with 
terminal lenses^ for protection. By means of these terminal lenses, the 
ends of the probe were mounted in the light passage holes of the light 
source and light sensor box. 
If the probe (the single end of the Y-shaped fiber optic bundle) was 
just inserted inside the vagina, and if it was not held in a fixed con­
stant position, it was almost impossible to obtain accurate results. The 
reason for this was due to slight movements of the vaginal wall muscula­
ture. A mechanical device was designed to minimize the movement problem. 
Two disks (D = 2 cm) made from fiber glass were mounted together by 
a spring as is shown in Figure 38b. Disk 2 was fixed to the probe by 
means of a small screw. Disk 1 can slide forward or backward freely 
guided by two tubes which are fixed to Disk 2. A constant force applied 
to Disk 1 will appear at the tip of the probe which is held against the 
tissue. Any small movement caused by the tissue will be damped out by the 
^Model #P-41,232, American Science Center, Inc., Chicago, Illinois. 
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Fiber Optic Probe 
Figure 38b. Mechanical device designed to hold the probe in a constant 
position. 
spring. It was assumed that the probe would stay in a constant position 
with the help of the mechanical device. It should be noted that the force 
applied to Disk 1 should be small, otherwise the circulation under the 
probe would be blocked. 
Figure 39 shows the overall configuration of the instrument used for 
cervical color change measurements. 
The probe described above was made small enough (D = 7 mm) so it 
could be used on rabbits. In the case of humans or larger animals, a 
larger probe would probably be unaffected by muscular movements of the 
vagina. Such a probe was designed in the section on Vaginal Wall Optical 
Probe. 
To observe the sensitivity of the small probe to blood flow changes, 
the following experiment was performed. After correcting the light 
history of the photocell, the probe was held in front of the finger tip. 
The potentiometer was adjusted for a zero current reading. The 
o 6 
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1. Light source 
2. Fiber optic bundle 
3. Mechanical device for keeping the probe in a constant position 
4. Cervical probe 
5. Light sensor 
6. Electronic circuitry and indicator 
Figure 39. Overall diagram of the cervical color change measuring system. 
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current was recorded for five minutes and then, without changing the probe 
or finger position, hot air from a heat gun was blown on to the tip of the 
finger. The rest of the components were far away from the airstream. The 
current reading was recorded for another 10 minutes. The result is shown 
in Figure 40. As can be seen the current increased to 23 microamperes. 
This was assumed to be due to the fact that blood flow in the finger in­
creased. The 805 nm filter was used for this experiment. 
A 
Time (Minute) 
Figure 40. Response of the small probe to the blood flow increase. 
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Design of the vaginal wall optical probe 
Three rows of small holes (D = 0.5 mm) were drilled circumferen-
tially 1.5 mm apart on a solid Teflon^ rod (D = 25 mm, L = 15 mm). The 
rows were 1 mm apart from each other (Figure 41a). In each hole one 
plastic fiber optic guide (L = 75 cm) was implanted. Through a longitud­
inal hole (D = 8 mm) in the rod, all the fiber guides were collected on 
one side of the probe (Figure 41a). The fiber guides which were coming 
from the center row of holes were held together and were kept separate 
from those fibers which came from the outside rows of holes. Black paint 
was spread between the fibers where they entered the Teflon rod. The two 
fiber groups were covered by heat-shrinkable tubing (Figure 41a). Epoxy 
glue was applied on the outside and inside of the Teflon rod where the 
fibers were implanted. The outersurface of the rod was then polished. 
Light was sent through one end of the fiber guides to the middle row 
of holes and the reflected light from the circumference of the rod was 
detected from the fiber guides in the outside rows of holes. This optical 
probe was mounted between the thermal conductivity and absolute tempera­
ture sensors (Figure 22) as described in the previous chapters. The 
terminals of the optical probe were then connected to the light sensor and 
the light source (Figure 39) in place of the Y-shaped probe. 
^E. I. duPont de Nemours, Inc., Wilmington, Delaware. 
2 Model #41212, American Science Center Inc., Chicago, Illinois. 
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Figure 41a. Vaginal wall optical probe construction. 
Figure 41b. Photograph of the electronic instrument designed for the 
vaginal wall thermal conductivity, color, and absolute 
temperature measurements. 
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The advantages of this optical probe over the previous one are: 
1. The optical detection area (probe circumference) has been in­
creased. Thus, a larger tissue content can be monitored. 
2. The probe will support itself inside the vagina, thus reducing 
the artifacts due to the muscular movement of the vagina. 
3. Any artifacts due to heat generation by the light source are 
eliminated because of the use of fiber optics. 
The thermal conductivity, absolute temperature, and color measuring 
systems were placed in a suitable enclosure as shown in Figure 41b. 
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ANIMAL AND HUMAN STUDIES 
The experimental subjects used in this study included: two non­
pregnant human female volunteers; one ovariectomized cow; four sheep 
(three ovariectomized, for simplicity they will be called Ovariect-ewe 1, 
2, 3 and one nonpregnant virgin ewe); and three nonpregnant rabbits, of 
which two were virgin (Rabbit 1 and 2). The human volunteers were not 
using any kind of oral contraceptive during each experiment period. 
The ovariectomized cow and Ovariect-ewe 1 were provided by the 
Veterinary Medical Research Institute (VMRI), Ames, Iowa. Ovariect-ewe 2 
and 3 and the nonpregnant virgin ewe (Ewe 4) were three, one-year-old 
ovulating virgin ewes which were bought by the Biomedical Engineering 
Program of Iowa State University (ISU) for this study. Ovaries of the 
Ovariect-ewe 2 and 3 were surgically removed by Dr. W. C. Wagner from 
VMRI, ISU. The two, one-year-old virgin. New Zealand rabbits (Rabbit 1 
and 2) were also bought for this study. The third nonpregnant rabbit 
(Rabbit 3) was provided by Dr. Y. M. Forbes from the Zoology Department, 
ISU, who also supervised the rabbit experiments. The above experimental 
subjects were used at different stages of the probe development. 
Thermal Conductivity and Absolute Temperature 
Measurements: Experiments and Results 
In experiments I through V the probe and method for thermal conduc­
tivity measurements described as stage one were applied. 
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Experiment I_ 
One of the virgin rabbits (Rabbit 1) was anesthetized by injecting 4 
cc luminal sodium^ (5 g/50 ml) intravenously (ear vein). One-half hour 
later, 0.85 cc 17g-estradiol^ (1 yg/0.1 cc) dissolved in ETON (75%) was 
injected intravenously. This was followed by 2 cc of saline. 
The probe was inserted into the vagina (7 cm) and then the thermal 
conductivity and absolute temperature (using the electronic thermometer 
and a temperature probe*) were measured before the anesthetic agent, after 
the anesthetic agent but before Eg injection, and 3 hours after Eg injec­
tion. The results are seen in Table 4. 
Experiment II 
In this experiment Rabbit 2 was used. The rabbit was anesthetized 
using the same method described in Experiment I. At 12 o'clock AM the 
thermal conductivity probe (stage one) and YSI temperature probe were in­
serted (4 cm apart) inside the vagina. Ten minutes later the thermal con­
ductivity and absolute temperature were determined. At 12:30 AM the Eg 
(10 ug dissolved in alcohol, 75%) was injected. The reading was continued 
every 5 minutes. The result is shown in Figure 42a,b. As can be seen 
from Figure 42a, after Eg injection the thermal conductivity begins to 
decrease (30 minutes) and then begins to increase. The absolute 
^Winthrop Laboratories, New York, New York. 
2 Sigma Chemical Co., St. Louis, Missouri. 
^odel #43TF, Yellow Springs Instrument Co., Yellow Springs, Ohio. 
^Model #513, Yellow Springs Instrument Co., Yellow Springs, Ohio. 
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Table 4. Effect of estradiol on vaginal wall thermal conductivity and 
absolute temperature on Rabbit 1 
Thermal conductivity, K, 
xlO"** cal/cm-sec-°C 
Absolute 
temperature 
X 
Before anesthetic agent 9.82 39.98 
After anesthetic agent 
but before Eg injection 10.1 29.98 
Three hours after E, 
injection 9.89 39.72 
temperature (shown in Figure 42b) decreases 1.3°C. This high decrease may 
be due to the effect of the anesthetic agent. 
Experiment III 
One day after Experiment II, it was observed that the rabbit used in 
Experiment II was unable to move the lower part of its body. The rabbit 
was also unable to urinate. It was felt that the probe insertion may have 
caused this discomfort. To investigate this, it was decided to do surgery 
and explore the rabbit's abdomen. This operation also helped to observe 
the exact position of the probe inside the vagina. 
Three days after Experiment II Rabbit 2 was anesthetized, similar to 
Experiment II. The rabbit's abdomen was exposed. The bladder was found 
to be extremely large and full of urine. The bladder was emptied by use 
of a large syringe. The ovary, uterus, cervix, and vagina of the animal 
were observed and examined. It should be mentioned, that the female 
rabbit has two independent uteri. Each uterus opens separately into the 
vagina forming a double cervix. The distance between the vulva and cervix 
Figure 42a. Effect of estradiol on vaginal wall thermal conductivity in nonpregnant Rabbit 2, from 
Experiment II (first trial). The recordings were made by the probe described as stage 
one of the instrumentation for thermal conductivity and absolute temperature measure­
ments. 
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Figure 42b. Effect of estradiol on vaginal wall absolute temperature in nonpregnant Rabbit 2, from 
Experiment II (first trial). The recordings were made by the system described as stage 
one of the instrumentation for thermal conductivity and absolute temperature measure­
ments . 
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was measured to be 14 cm. This length is longer than those reported in 
the literature. Due to the extensive length and the vaginal curvature, it 
was almost impossible to insert the probe far inside against the cervix. 
This perhaps explains the lack of response seen in Experiment I. The 
probe was not against the cervix. The thermal conductivity probe after 
insertion was positioned by the opening of the bladder into the vagina. 
After these observations, the thermal conductivity and temperature 
probes were inserted inside the vagina of Rabbit 2 4 cm apart from each 
other. The same measurements as described in Experiment II were repeated. 
The results are shown in Figure 43. As can be seen from Figure 43, the 
thermal conductivity decreased and the absolute temperature increased. 
After 4:30 PM the animal was sacrificed by injecting 12 cc MgSOi» into the 
heart. The thermal conductivity of the vagina of the dead rabbit was 
measured to be 8.4 x 10"" cal/cm-sec-°C. The reproductive organs of the 
animal were carefully removed. The vagina was cut and exposed. A piece 
of adhesive tape was found inside the opening of the bladder. This piece 
of tape was left from the probe during Experiment II. (This may have been 
the reason for the animal's inability to urinate.) Thus, in this experi­
ment, even though Eg had been administered due to other factors, such as 
disturbance of the reproductive organs and the length of surgery, no in­
crease in blood flow was observed. 
Experiment IV 
The same rabbit used in Experiment I was used in this experiment. 
The animal was anesthetized as described in Experiment I. Ten yg of 
estradiol dissolved in 1 cc of 75% alcohol was injected intravenously. 
Figure 43. Effect of estradiol on vaginal wall thermal conductivity and absolute temperature in 
Rabbit 2, from Experiment III (second trial). 
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The thermal conductivity and absolute temperature were measured. The re­
sult of this experiment is shown in Figure 44a,b. As can be seen from 
Figure 44a, after 2 1/2 hours the thermal conductivity had only increased 
1 X lOr* cal/cm-sec-°C. The temperature decreased from 39.5 to 38.2®C 
(Figure 44b). 
Experiment V 
It was decided to observe the operation of the probe in a more 
natural condition. Thus an unanesthetized walking sheep (Ovariect-ewe 1) 
was used. The sheep's neck was tied to a board so that the animal could 
only move forward and backward. The thermal conductivity and temperature 
probes were inserted deep (20 cm) inside the vagina. To make sure that 
the probe temperature was not affected by the thermal conductivity probe, 
they were separated 5 cm from each other. 
The thermal conductivity and temperature were recorded every 10 
minutes. After 1 hour for control, 1 mg estradiol dissolved in 10 cc 
of 75% alcohol was injected through a catheter which had been previously 
placed in the jugular vein; 5 cc of saline was flushed immediately after 
the Eg injection. The recording was continued for another 2 hours. 
During the experiment the animal was fed occasionally. The result of this 
experiment is shown in Figure 45. As the animal moved around the position 
of the probe changed and resulted in a slight variation in the reading. 
The same experiment was repeated 5 days later. The result of the second 
experiment is given in Figure 46a,b. As can be seen from Figures 45 and 
46, the thermal conductivity increased and the absolute temperature did 
not decrease noticeably. 
Figure 44a. Effect of Ez on vaginal wall thermal conductivity of Rabbit 1, from Experiment IV 
(second trial). 
Thermal conductivity (calxlO" /cm-sec-°C) 
Figure 44b. Effect of E2 on vaginal wall absolute temperature of Rabbit 1, from Experiment IV 
(second trial). 
Absolute temperature (°C) 
w 
00 
o 
T" 
w vo o 
o 
T-
• 
/ 
/ 
L 
/ 
\5 
•Cui ^3 \ 
/ 
/ 
a) / 
• 
I 
• 
• 
/ 
3 3 
L, 
/ 
/ 
• 
I 
a 
96 
Figure 45. Effect of E2 on vaginal wall thermal conductivity and absolute temperature in Ovariect-
ewe 1, from Experiment V (first trial). The recordings were made by the same system 
described in Experiment I. 
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Figure 46a. Effect of E2 on vaginal wall thermal conductivity in Ovariect-ewe 1, from Experiment 
V (second trial). 
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Figure 46b. Effect of Ez on vaginal wall absolute temperature in Ovariect-ewe 1, from Experiment V 
(second trial). 
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For Experiments VI to IX the system described as the second stage or 
multi-sensor probe was used. 
Experiment VI 
In this experiment Ovariect-ewes 2 and 3 were each used three times. 
In first session, no Eg was injected and the results of this measurement 
were used for the control study in the next two sessions. In the second 
session (the day following the first session) and third session (two weeks 
after the second session) the procedure employed in Experiment V was fol­
lowed. The results of this experiment are given in Figures 47 and 48. As 
can be seen from these figures, the 176-estradiol has a definite increas­
ing and decreasing effect on vaginal wall thermal conductivity and abso­
lute temperature, respectively. 
Experiment VII 
In this experiment vaginal wall thermal conductivity and absolute 
temperature were measured in the ovulating nonpregnant virgin ewe (Ewe 4) 
during one complete estrus cycle. Measurements were made daily between 
1:00 to 3:00 PM in a quiet room. The onset of estrus (designated as Day 
0) was determined by observing the response of the ewe to a ram following 
the end of each day's measurements. Precautions were made so that the ewe 
could not be serviced by the ram. 
The results of this experiment are given in Figure 49. As seen from 
Figure 49a, the values of thermal conductivity for the onset of estrus are 
higher than the other days. The absolute temperature curve (Figure 49b) 
does not show any change. 
Figure 47a. Effect of Eg on vaginal wall thermal conductivity in Ovariect-ewe 2. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the Eg injection curve was recorded during the second session. 
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Figure 47b. Effect of E2 on vaginal wall absolute temperature in Ovariect-ewe 2. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the Eg injection curve was recorded during the second session. 
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Figure 47c. Effect of E2 on vaginal wall thermal conductivity in Ovariect-ewe 2. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the Eg injection curve was recorded during the third session. 
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Figure 47d. Effect of £3 on vaginal wall absolute temperature in Ovariect-ewe 2. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the £3 injection curve was recorded during the third session. 
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Figure 48a. Effect of E2 on vaginal wall thermal conductivity in Ovariect-ewe 3. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the Eg injection curve was recorded during the second session. 
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Figure 48b. Effect of £3 on vaginal wall absolute temperature in Ovariect-ewe 3. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the £3 injection curve was recorded during the second session. 
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Figure 48c. Effect of E2 on vaginal wall thermal conductivity in Ovariect-ewe 3. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the Eg injection curve was recorded during the third session. 
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Figure 48d. Effect of E2 on vaginal wall absolute temperature in Ovariect-ewe 3. The recordings 
were made by the multi-sensor probe. The control curve was recorded during the first 
session and the Eg injection curve was recorded during the third session. 
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Figure 49a. Vaginal wall thermal conductivity in Ewe 4 during a complete estrus cycle. Onset of 
estrus is designated by Day 0. The recording was made by the multi-sensor probe. 
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Figure 49b. Vaginal wall absolute temperature in Ewe 4 during a complete estrus cycle. Onset of 
estrus is designated by Day 0. The recording was made by the multi-sensor probe. 
'  '  '  '  .  I  .  I . I  . 1  . 1  . 1  0 ^  
-6 -4 -2 0 2 4 6 8 
Day of estrus cycle 
124 
Experiment VIII 
In this experiment the effect of estradiol on the vaginal wall 
thermal conductivity and absolute temperature in the ovariectomized cow 
were observed. The procedure of this experiment was the same as for 
Experiment V except, instead of 1 mg estradiol, 4 mg were injected. The 
results of this experiment are given in Figure 50. Again, as seen from 
this figure, the thermal conductivity and absolute temperature increased 
and decreased, respectively. 
Experiment IX 
In this experiment vaginal wall thermal conductivity and absolute 
temperature of an ovulating nonpregnant human volunteer during one com­
plete menstrual cycle was measured. Measurements were made daily upon 
awakening, between 8:00 and 10:00 AM under basal conditions. The re­
cordings of the multi-sensor probe were then compared with oral Basal Body 
Temperature (BBT) recordings which were made by a basal temperature 
thermometer^ during the thermal conductivity readings. The measurements 
were made from the last day of menstrual flow until the first day of the 
next flow. 
The results of this experiment are given in Figure 51. The oral BBT 
curves (Figures 51a,b) suggest that ovulation occurred at the middle of 
the cycle, day 15. On this day the thermal conductivity readings were 
higher than for the other days. The vaginal BBT curve (Figure 51b) also 
^Basal temperature thermometer, Becton-Dickinson Co., Rutherford, 
New Jersey. 
Figure 50a. Effect of [3 on vaginal wall thermal conductivity in the ovariectomized cow. The re 
cording was made by the multi-sensor probe. 
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Figure 50b. Effect of Eg on vaginal wall absolute temperature in the ovariectomized cow. The re­
cording was made by the multi-sensor probe. 
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Figure 51a. Vaginal wall thermal conductivity measurements in a human volunteer during a complete 
menstrual cycle. The recordings were made by the multi-sensor probe. The oral BBT 
taken by a BBT thermometer is also shown for comparison. 
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Figure 51b. Vaginal wall basal temperature measurements in a human volunteer. The recordings were 
made by the multi-sensor probe. The oral BBT taken by a BBT thermometer is also shown 
for comparison. 
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illustrated a sharper temperature increase at day 15 than did the oral BBT 
curve. 
Color Measurements: Experiments and Results 
Experiment ^ 
The system described in Figure 39 was used in this experiment.^ One 
of the nonvirgin rabbits (Rabbit 3) was anesthetized by injecting 3 cc 
nembutal (50 mg/ml) intraperitoneally. Additional dosages were injected 
as necessary. The probe for the color change measurement was gently in­
serted inside the vagina of the rabbit until resistance was felt (about 
5 cm). The rabbit was placed down on her abdomen and the probe was held 
in a fixed position with the help of adhesive tape. It should be men­
tioned here that at that time the auxiliary mechanical device (see Figure 
38) had not yet been designed. 
After a period of 30 minutes, the microammeter of Figure 36 was ad­
justed to a zero level (reference point). The ensuing current was record­
ed for one-half hour, then 1 yg of estradiol dissolved in 1 cc (75%) 
alcohol (ETOH) was injected intraperitoneally. The reading was continued 
for another hour. The result of this reading is seen in Figure 52. As 
can be seen from this figure, no remarkable change was seen. Occasion-
Vhe light history of the photocell was corrected by conditioning 
the photocell for several hours before the experiment to a desirable 
light. This was done by the use of the small bulb in Figure 35, as 
described before. 
2 Abbott Laboratories, North Chicago, Illinois. 
é 
Figure 52. Effect of Ez o" vaginal light reflectance in Rabbit 3. The recordings were made by the 
pen-shaped probe of Figure 31. 
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ally, as the animal moved, the probe was displaced. This resulted in 
losing the reference point. 
Days later, the same experiment was repeated on the same rabbit. A 
similar result was obtained. At that point it was felt a valid and final 
conclusion could not be obtained based on these experiments. 
As discussed before, this fiber-optic probe was only constructed for 
cervical color measurements in rabbits. Unfortunately, later on it was 
found (see Experiment III) that due to the rabbit's vaginal shape, it was 
almost impossible to position the Y-shaped probe against the cervix. 
This, perhaps, explained the reason for the lack of response observed in 
Figure 52. 
Experiment XI 
In this experiment vaginal wall light reflectance in one of the human 
volunteers was measured during a complete menstrual cycle. The recordings 
were made by the pen-shaped probe of Figure 31. The power supply for the 
light source was set to 1.5 Volts to minimize the heat generated by the 
miniature bulb. A reading for five minutes was taken from the last day of 
menstrual flow until the first day of the next flow. The basal body tem­
perature was also measured for comparison. The results of this experiment 
are given in Figure 53. 
From the BBT curve one can estimate that ovulation occurred between 
days 22 to 24. The probe readings on these days were higher than the 
other days. It should be mentioned here that it was hard to obtain a 
steady meter indication. This was due to the fact that the slightest 
movements of the vagina (the vaginal wall seems to have a self-movement 
Figure 53. Human vaginal wall light reflectance during a complete menstrual cycle. The recordings 
were made by the pen-shaped probe of Figure 31. The vertical bar represents reading 
variations in each recording. The oral BBT is shown for comparison. 
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similar to intestinal movements) with respect to the photo-resistor or 
light source would result in severe artifacts. Another problem arose from 
the mucus of the vagina covering the surface of the light source and the 
photo-resistor, thus causing a false reading. 
Experiment XII 
In this experiment the pen-shaped probe of Figure 31 was used on 
Ovariect-ewe 1. The probe was inserted 20 cm inside the vagina. One mg 
of 176-estradiol in one ml ETON was injected intravenously. The remainder 
of the system measurement was similar to Experiment XI, except that the 
reading was taken every 5 minutes for a two and one-half hour period. The 
result is shown in Figure 54. As seen from this figure the resistivity of 
the photocell remained almost constant for two hours and then started to 
increase. Movement artifact was also a dominant factor in this experiment 
(at time 3:15 the ewe urinated, at time 1:35 the ewe moved sharply). Due 
to vaginal wall movement, the meter indication was not constant at any 
given time. 
In Experiments XIII and XIV the new vaginal wall optical probe or 
multi-sensor probe was used. 
Experiment XIII 
In this experiment the vaginal wall light reflectance (at 805 nm and 
660 nm) in Ovariect-ewes 2 and 3 were measured under Eg influence. The 
recordings for this experiment were made during Experiment VI. 
Figure 54. Effect of Ez on vaginal wall light reflectance in Ovariect-ewe 1. The recordings were 
made by the pen-shaped probe of Figure 30. 
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The procedure for the color measurements were as follows^; 
The probe was inserted inside the vagina (see Experiment VI). 
Calibration 
1. The 660 nm filter was placed in front of the photocell by the 
help of the filter handle (Figure 35). 
2. The zero adjustment potentiometer (Ry) (Figure 36) was rotated so 
that the microammeter indicated a zero reading. This zero point 
was used as the reference point for the color recordings which 
were made in the second session (see Experiment VI). 
3. The value shown by the potentiometer knob was then recorded. 
4. Steps 1 through 3 were then repeated for the 805 nm wave length 
filter. 
Recording 
After the potentiometer knob values for the two wave lengths were 
determined, the following recording procedure was repeated every 10 
minutes: 
1. The filter handle was adjusted for the 660 nm filter. 
2. The potentiometer knob value was set to the pre-determined cali­
brated 660 nm value and then the meter indication was recorded. 
3. Immediately after noting the meter reading, the filter handle was 
adjusted for the 805 nm filter. 
Hhe light history of the photocell was corrected, as described be­
fore, previous to making any recordings. 
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4. Again, the potentiometer knob value was set to the pre-determined 
calibrated value for 805 nm. Finally, the meter indication was 
recorded. 
The results of this experiment are given in Figure 55. No color record­
ings were made during session three of Experiment VI. The recordings in 
session one from Ovariect-ewes 2 and 3 were used for the control study 
(see Figure 55). As seen from this figure, due to the effect of estradiol, 
both the 660 nm and 805 nm wave length curves showed increases. The rise 
time of the 660 nm curve is somewhat steeper than the 805 nm curve and the 
805 nm curve starts its increase sooner than does the 660 nm curve. 
Experiment XIV 
In this experiment vaginal wall light reflectance of one of the human 
volunteers during a complete menstrual cycle was measured. The recordings 
were made during Experiment IX. Since at 805 nm the reflected light is 
independent of the percent oxygenation of blood (Figure 29) and this wave 
length is a measure of the amount of blood in tissue, it was decided to 
measure the reflected light only at 805 nm. The optical probe was cali­
brated by immersing the probe in a standard color solution. The color 
solution was prepared by adding 0.43 grams of neutral red dye^ into 400 cc 
of water. 
The calibration procedure was as follows: The probe was immersed in 
the solution in a dark room. The filter handle was adjusted for 805 nm. 
After one hour of color setting, the zero adjustment potentiometer was 
^Matheson Coleman and Bell, Inc., Norwood, Ohio. 
Figure 55a. Effect of E2 on vaginal wall light reflectance (660 nm) in Ovariect-ewe 2, recorded in 
session two of Experiment VI. The control curve was recorded from the same ewe in 
session one. All the recordings were made by the multi-sensor probe. 
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Figure 55b. Effect of E2 on vaginal wall light reflectance (805 nm) in Ovariect-ewe 2, recorded in 
session two of Experiment VI. The control curve was recorded from the same ewe in 
session one. All the recordings were made by the multi-sensor probe. 
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Figure 55c. Effect of Ep on vaginal wall light reflectance (660 nm) in Ovariect-ewe 3, recorded in 
session two of Experiment VI. The control curve was recorded from the same ewe in 
session one. All the recordings were made by the multi-sensor probe. 
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Figure 55d. Effect of E2 on vaginal wall light reflectance (805 nm) in Ovariect-ewe 3, recorded in 
session two of Experiment VI. The control curve was recorded from the same ewe in 
session one. All the recordings were made by the multi-sensor probe. 
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rotated so that the microammeter indicated a zero reading. The potentiom­
eter knob value was then recorded. 
Before each daily recording (see Experiment IX), the zero adjustment 
knob was set to the already determined calibrated value. Since the dura­
tion of this experiment was long (about 25 days), occasionally the cali­
bration procedure was repeated. Figure 56 illustrates the results of this 
experiment. As can be seen from this figure, the values of vaginal wall 
light reflectance are higher at the middle of the cycle than on other 
days. 
A summary of all the animal experiments is given in Table 5. 
Figure 56. Human vaginal wall light reflectance (805 nm) during a complete menstrual cycle. The 
recording was made by the multi-sensor probe. The oral BBT of the same subject is also 
shown for comparison. The vertical bar represents reading variation in each recording. 
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Table 5. Summary of animal experiments* 
Test 
Exp. Figure Subject Probe Condition Abs. Temp. Therm. Cond. Color 
I Table 4 R SP E2 Inj. - 0 
II 42 R SP E2 Inj. - + 
III 43 R SP E2 Inj. + -
IV 44 R SP E2 Inj. - + 
V 45, 46 OE SP E2 Inj. 0 + 
VI 
CO OE MSP E2 Inj. - + 
VII 49 E MSP Estrus 0 + 
VIII 50 OC MSP E2 Inj. - + 
IX 51 HF MSP Menstrual Cy. - to + + (at mid-cycle) (at mid-cycle) 
X 52 R YSP E2 Inj. 0 
XI 53 HF PSP Menstrual Cy. Changed 
XII 54 OE PSP E2 Inj. Changed 
XIII 55 OE MSP E2 Inj. Changed 
XIV 56 HF MSP Menstrual Cy. Changed 
Key: R = rabbit; OE = ovariectomized ewe; E = ewe; OC = ovariectomized cow; HF = human female 
+ = increase; - = decrease; 0 = no change; no entry = test not done; SP = small probe; 
MSP = multi-sensor probe; YSP = Y-shaped probe; PSP = pen-shaped probe. 
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DISCUSSION 
In general all the probes designed in this study did indicate a 
change in the vagina of selected female species due to estrogen. As ob­
served from the rabbit Experiment I, the small probe of Figure 17 did not 
show a remarkable change in vaginal wall thermal conductivity (Table 4). 
In another experiment (Figure 44) the thermal conductivity increased 
only a small amount and in Experiment II (Figure 42a) the increase was 
significant. In Experiment III, due to the other factors, the injected 
estradiol had no dominant effect on the vaginal wall thermal conductivity 
and absolute temperature as seen in Figure 43. In most of the rabbit ex­
periments (Figures 42 and 44b), the vaginal wall absolute temperature de­
creased tremendously. This was perhaps due to the effect of the anes­
thetic agent used. 
One important fact should be remembered in the rabbit experiments, 
that is, none of the rabbits used in this study were ovariectomized. 
Since it was not obvious at what stage of the estrus cycle Eg had been 
injected, at this point it is not wise to judge the hyperemia effect of 
estradiol on the rabbit reproductive tract. 
As far as the author knows, no reports based on thermal conductivity 
measurements have been published concerning the response of the rabbit 
reproductive organs to Eg. Perhaps the rabbit is not a good experimental 
subject for this type of study. 
In the ewe experiments, using the small probe, a small increase in 
thermal conductivity (from 10 x lO"** to 12 x 10"* cal/cm-sec-°C) following 
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Eg injection was observed. In Experiment V an interesting observation was 
made. Approximately 80 minutes after the Eg injection, the vaginal abso­
lute temperature suddenly increased toward a peak and then, after few 
minutes, decreased (Figures 45 and 46b). The expected gradual temperature 
decrease due to the injection was not observed. The reason for this 
ambiguity is not clear. 
It has been reported (Benoit et al., 1975; Abrams and Bazer, 1973) 
that thermal conductivity of the vaginal wall of the ovariectomized living 
sheep under normal conditions is approximately 12.5 x lOr* cal/cm-sec-°C. 
It seems the thermal conductivity obtained by the probe designed in the 
early stage of this study was approximately 2 x 10"* cal/cm-sec-®C lower 
than those reported. This is possibly due to the following facts : 
1. In the calibration procedure the estimated value of jr was high. 
Probably, there were more convection heat currents in the 1% 
gelatin solution than was thought to be. 
2. The probe was too narrow (see Figure 17) compared to the size of 
the sheep's vagina. Therefore, the folds of the vagina did not 
cover the probe completely. This would result in the formation 
of some empty spaces between the folds and the probe. Thus, all 
the heat produced by the heating element would not be removed by 
the tissue, but rather dissipated to the air of the empty spaces 
(which have a lower thermal conductivity than the vaginal wall). 
The second problem listed above was eliminated by increasing the 
diameter of the heating element. See the multi-sensor probe. Figure 22. 
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The thermal conductivity values determined by the new probe were all 
1.5 X lOr* cal/sec-cm-°C higher than the previous findings. 
As seen from Experiment VI (Figures 47, 48, and 49), the ewes' vagi­
nal wall thermal conductivity increased approximately 2.5 x lOr* cal/sec-
cm-°C three hours after Eg injection. The absolute temperature decreased 
0.5®C. These findings agree with the results of similar studies (Abrams 
et al., 1971, 1972; Benoit, 1975). The readings made by the multi-sensor 
probe, compared to the small probe, are less disturbed by factors such as 
movements and environmental temperature changes (see Figures 45 and 47). 
In general, the recordings made by the multi-sensor probe were improved. 
As demonstrated by Abrams and Bazer (1973), the vaginal wall thermal 
conductivity one day prior to estrus increased significantly and dropped 
the next day following the onset of estrus. A similar result was observed 
in Experiment VII (Figure 49a). The vaginal wall thermal conductivity re­
mained almost constant (12.0 x lO"** cal/sec-cm-°C) four days prior to the 
onset of estrus and then decreased by a small amount the next day. Fol­
lowing this decrease, an increase began on the third day prior to the 
onset of estrus. The thermal conductivity reached a peak value (14.25 x 
10'" cal/sec-cm-°C) one day before the onset of estrus and stayed high for 
one day. At days 1 and 2 (onset of estrus is day 0) the thermal con­
ductivity decreased significantly to 12.7 x lOT^ cal/sec-cm-°C. A second 
increase was observed on days 3 and 4, which was then followed by a sharp 
decrease at the end of estrus. As expected, no significant change was 
observed in daily vaginal wall absolute temperature readings (Figure 49b). 
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The results of the cow experiment following Eg injection (Figure 50) 
were similar to those of the sheep. In the single cow experiment, the 
thermal conductivity results seemed to be disturbed by the effect of move­
ments. The reason for this was that the vagina of a cow is larger than 
the probe diameter. Thus, as the animal moved, the position of the probe 
changed which resulted in temperature disequilibrium. 
The human vaginal wall thermal conductivity and basal temperature 
changes during a complete menstrual cycle are shown in Figure 51. The 
thermal conductivity curve (Figure 51a) was similar to the thermal conduc­
tivity curve of Ewe 4 (Figure 49a). In women, the time of ovulation can 
be estimated by careful study of basal body temperature (BBT). See 
Appendix A. The oral BBT of the same human, recorded during the thermal 
conductivity measurements, is also shown in Figure 51. From the BBT 
measurements one can estimate that ovulation occurred on day 15. As seen 
from Figure 51a, the thermal conductivity variation was as follows: It 
remained almost constant until day 11. On day 12 it decreased slightly, 
and following this a sudden, sharp increase was recorded on days 15 and 
16. It was low on days 17 and 18, and then increased again noticeably 
during days 19 to 22. The thermal conductivity recordings were low at the 
end of the cycle. If the thermal conductivity curve (Figure 51a) is com­
pared with plasma levels of estradiol (Figure 10), one can observe an 
obvious similarity. 
As stated in the literature review section. Prill and Gotz (1961) had 
measured the thermal conductivity of endometrium in women during a * 
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complete menstrual cycle. The thermal conductivity values at mid-cycle 
were higher than on the other days. 
Although strictly beyond the scope of this study, an interesting 
observation can be made in the vaginal BBT (VBBT) and oral BBT (OBBT) re­
cordings of Experiment IX. VBBT levels were generally higher than OBBT 
levels until day 12 (Figure 51b). Following Day 12, for two days, the 
VBBT decreased to a lower level than the OBBT. Then, at Day 15 when the 
follicular phase emerged to the luteal phase, the VBBT rose sharper than 
did the OBBT. The VBBT for the rest of cycle was higher than the OBBT. 
One could assume that, perhaps, the sudden reduction and sharper rise of 
the VBBT at mid-cycle was due to the effect of estrogen which increased 
the reproductive organ blood flow shortly before ovulation. This in­
creased blood flow reduced the absolute temperature of the organ as was 
explained previously. It should also be emphasized that blood flow varia­
tion 21 not the only local temperature controlling factor. There are 
other parameters controlling the temperature of the organ, such as tissue 
metabolism, the direct effect of hormones, and the surrounding tempera­
ture. 
A similar observation (a sharper VBBT rise) was reported by Mattox 
et al. (1976), who measured both the VBBT and OBBT in several healthy 
women. His VBBT levels were lower than the OBBT ones during the entire 
cycle (see Figure 57). Body cavity temperatures tend to reflect more 
closely body core temperature. Correspondingly, rectal temperatures, 
which presumably are less affected by ambient change, are approximately 
0.5®C higher than oral ones. Intuitively, it might be predicted that 
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Figure 57. Oral basal body temperature and vaginal basal body temperature 
recorded by Mattox et al. (1976). 
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vaginal temperature would exceed oral temperature, but this is not true in 
the case of Mattox's findings. In Mattox's experiment, the OBBT measure­
ments were determined by a basal temperature thermometer upon awakening, 
between 5:30 AM and 9:30 AM. The VBBT measurements were determined by an 
intravaginal temperature telemeter at the middle of the night, between 
2:00 AM and 3:00 AM. The low VBBT levels in Mattox's experiment may be 
explained by suggesting that there was a significant body temperature 
difference between the middle of the night and the awakening time.^ 
This hypothesis is supported by Andrews as cited by Mattox et al. 
(1976), who has demonstrated that in sleeping mice monitored with intra­
peritoneal thermistors, a slow and consistent rise in basal temperature 
begins 1 to 2 hours before any wakeful activity. Hence, it seems that 
there are other stimuli for temperature change than simple physical 
activity. 
The author believes that the consistently lower VBBT readings (com­
pared to the OBBT) in the recordings of Mattox et al. (1976) (Figure 57) 
were due to the difference in the temperature recording times (OBBT at 
awakening and VBBT at the middle of the night). If the recordings were 
made at the same time, the VBBT would have been higher than the OBBT. To 
prove this, one of the human volunteers was asked to measure her OBBT and 
VBBT immediately after one another by a basal body thermometer upon 
awakening. In order to eliminate any false readings due to physical 
activity between the two readings, the measurement was repeated the next 
day but this time the VBBT measurement was taken first. The first re­
cording was made four days after the last day of the previous menstrual 
flow. The result of this test is as follows: 
Oral Vaginal 
First day 36.66°C 36.77°C 
Second day 36.33°C 36.66°C 
Assuming the subject did not ovulate on the recording days, these readings 
support the hypothesis. 
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Concerning Mattox's experiments, an interesting question arises: 
What kind of temperature differences would have been observed between OBBT 
and VBBT if the recordings had been made at the same time? Careful obser­
vation of Figure 57 suggests that, even if the VBBT was 0.5°C higher than 
the OBBT, the VBBT would still have risen more sharply than the OBBT from 
the follicular phase to the luteal phase. Thus, a comparison between the 
mean rises of OBBT and VBBT readings suggest that the vaginal temperature 
is more sensitive in depicting the biphasic thermal elevation and is 
perhaps more effective in detecting ovulation time. 
In Experiment X, the cervical fiber optic probe of Figure 38 did not 
detect a measurable change in color (Figure 52) due to the following 
reasons: 
1. The probe was not held in front of the cervix (see Experiment 
III). 
2. Loss of the reference point due to movement. 
The measuring system (Figure 31) used in Experiments XI and XII was 
simple and was designed in the early stages of this study to get some 
initial ideas about vaginal tissue color measurements. Even though the 
probe's readings in the human, from the follicular phase to the luteal 
phase, changed (Figure 53) and in the ewe the readings were higher four 
hours after Eg injection (Figure 54), it is not wise to make a definite 
statement regarding the response of this probe to estrogen. 
As seen from Figure 55 of Experiment XIII, the multi-sensor probe did 
detect a measurable change, at 660 and 805 nm wave lengths, three hours 
after Eg injection. These findings suggest that due to the effect of 
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estrogen both the number of red blood cells and the percent oxygen satura­
tion of vaginal wall blood are increased. Due to the measuring system and 
calibration procedure used in this experiment it is not possible to esti­
mate the relative percent variations of these two parameters at this time. 
Movement artifact was less a problem in this experiment than in 
Experiments X and XI. 
Finally, in Experiment XIV, as seen from Figure 56, the light re­
flectance at 805 nm was low until Day 12 and then started to increase 
toward a peak at ovulation day. The readings for the next two days were 
low. A second and slight increase was observed on Days 19 through 22 
which was then followed by a small decrease. Note that Figure 56 is also 
similar to the estradiol plasma level for women during a complete men­
strual cycle (Figure 10). Figure 56 suggests that, under normal condi­
tions, the number of red blood cells of the vaginal wall is highest during 
mid-cycle. 
155 
SUMMARY AND CONCLUSION 
An electronic instrument which continuously measures the vaginal wall 
thermal conductivity, color, and absolute temperature was developed. The 
design of the thermal conductivity sensor was based on the fact that at 
steady-state a mathematical relationship exists between heat generation 
and heat loss in an electrically heated spherical source of heat imbedded 
in an infinite mass of material. The relationship is 
VVR = 16.72 dnrk 
where 
V = heating voltage 
R = heating filament resistance 
6 = temperature elevation of the sphere 
r = equivalent radius of the heated sphere 
K = thermal conductivity of the material 
The color measurement was based on the photoplethysmographic method by 
using fiber optics. The absolute temperature was determined by using a 
precision thermistor. 
The instrument was tested on human, sheep, cow, and rabbit. In the 
human the vaginal wall thermal conductivity figures were higher at the 
mid-menstrual phase. Graphs which depicted vaginal wall thermal conduc­
tivity and color with respect to time were found to be similar in shape to 
the estradiol plasma level curve from women with mid-cycle ovulation. The 
color measurements indicated that the vaginal wall blood hematocrit was 
higher at mid-cycle also. 
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In the sheep the vaginal wall thermal conductivity increased sharply 
one day prior to the onset of estrus and dropped three days later. Fol­
lowing estradiol injection in the ovariectomized ewes, the vaginal wall 
thermal conductivity increased and absolute temperature decreased. The 
color measurements from the ovariectomized ewes, following estradiol 
injection, indicated that the vaginal wall red blood cells and percent 
oxygen saturation increased. In the ovariectomized cow, following 
estradiol injection, the vaginal wall thermal conductivity increased and 
the absolute temperature decreased. 
In the rabbit the vaginal wall thermal conductivity increased follow­
ing estradiol injection, but.the effect of estrogen (in terms of color and 
absolute temperature) on the vaginal wall was not clearly understood. 
In the human study it appeared that the vaginal basal body tempera­
ture is more sensitive and effective in depicting the biphasic thermal 
elevation and ovulation time than is the oral basal body temperature. 
In summary, the study demonstrates the feasibility of using a multi-
sensor electronic probe for noninvasive monitoring of peripheral estrogen 
effects in vivo. The reliability of the instrument for ovulation detec­
tion remains to be determined in future studies. 
167 
BIBLIOGRAPHY 
Abrams, R. M., and F. Bazer. 1973. Cyclic variation in vaginal thermal 
conductance in ewes. Am. J. Obstet. Gynecol. 117: 480-482. 
Abrams, R. M., and J. A. J. Stolwijk. 1972. Heat flow device for vaginal 
blood flow studies. J. Appl. Physiol. 33: 144-146. 
Abrams, R. M., D. Caton, J. Clapp, and D. M. Barron. 1970. Thermal 
aspects of uterine blood flow in non-pregnant sheep. Am. J. Obstet. 
Gynecol. 108: 919-924. 
Abrams, R. M., D. Caton, J. Clapp, and D. M. Barron. 1971. Temperature 
differences in reproductive tract of non-pregnant ewes. Am. J. 
Obstet. Gynecol. 110: 370-375. 
Bacsich, P., et al. 1940. Cyclic variation in the muscular architecture 
of the uterus of the guinea pig. Tr. Roy. Soc. Edinburgh 60: 79. 
Original not available; cited in Reynolds, S. R. M. 1961. Physiolo­
gy of the uterus. Hafner Publishing Company, New York. 
Baird, D. T., and A. Guevara. 1969. Concentration of unconjugated 
estrone and estradiol in peripheral plasma in non-pregnant women 
throughout the menstrual cycle, castrate and postmenopausal women 
and men. J. Clin. Endocrinol. 29: 149-156. 
Behrman, S. J. 1960. Detection of ovulation. Postgrad. Med. 27: 12-17. 
Benoit, H. J., R. Borth, and C. A. Woolever. 1975. A transducer probe 
for the detection of oestrogen effects on vaginal blood flow in 
sheep. Acta Endocrinol. 79: 102-110. 
Benson, R. C. 1976. Current obstetric and gynecologic diagnosis and 
treatment. 1st ed. Lange Medical Publication, Los Altos, Calif. 
Birnberg, C. H., R. Kurzrok, and A. Lavfer. 1958. A simple test for de­
termining ovulation time. J. Am. Med. Ass. 166: 1174-1175. 
Brown, Michael Justin. 1972. Sources of error in reflection oximetry. 
Ph.D. thesis. Iowa State University, Ames. 
Chapman, A. J. 1974. Heat transfer. 3rd ed. Macmillan Publishing Co., 
New York. 
Clift, A. F. 1945. Rhéologie properties of human cervical secretions. 
Proc. Roy. Soc. Med. 39: 1-9. 
168 
Cohen, A., and N. Wadsworth. 1972. A light emitting diode skin re­
flectance oximeter. Medical Biol. Eng. 10: 385-391. 
Cohen, M. R., I. F. Stein, and B. M. Kay. 1952. A characteristic of 
cervical mucus, significance at ovulation time. Pert, and Steril. 
3: 201-209. 
Davis, M. E. 1946. Clinical use of oral basal temperatures. J. Am. Med. 
Ass. 130: 929-932. 
Decker, A. 1951. Culdoscopic observation on tubo-ovarian mechanism of 
ovum reception. Pert, and Steril. 2: 253-259. 
Dickinson, R. L. 1937. The technic of timing human ovulation by palpable 
changes in ovary, tube, and uterus. Am. J. Obstet. Gynecol. 22: 
1027-1033. 
Dickson, W. M., M. J. Bosc, and A. Locatelli. 1969. Effect of estrogen 
and progesteron on uterine flow of castracte sows. Am. J. Physiol. 
217: 1431-1434. 
Edgington, Glenn Emmett. 1965. Reflection characteristic of hemodynamic 
systems under coherent optical radiation. Ph.D. thesis. Iowa State 
University, Ames. 
Erickson, Howard Hugh. 1966. Continuous measurement of oxyhemoglobin 
concentrations by reflection oximetry and its use in controlling an 
artificial heart. Ph.D. thesis. Iowa State University, Ames. 
Parris, E. J. 1948. Prediction of the day of human ovulation by the rat 
test as confirmed by fifty conceptions. Am. J. Obstet. Gynecol. 56: 
347-352. 
Perin, M., P. Halberg, R. M. Richart, and R. V. Wiele. 1974. Biorhythms 
and human reproduction. 1st ed. John Wiley and Sons, New York. 
Pukushima, M., V. C. Stevens, C. L. Gatt, and N. Vorys. 1964. Urinary 
PSH and LH excretion during the normal menstrual cycle. J. Clin. 
Endocrinol. 24: 205-213. 
Gelfant, S., and J. J. Clemmons. 1955. The influence of estrogen on 
nuclear volumes and chemical composition. J. Cell Comp. Physiol. 
46: 529-539. 
Gibbs, P. A. 1933. A thermoelectric blood flow recorder in the form of a 
needle. Proc. Soc. Exper. Biol. & Med. 31: 141-146. 
169 
Giltnan, J. 1941. Profound vascular changes induced in the uterus of the 
castrated rabbit by combinations of estradiol benzoate and pro­
gesterone. Endocrinology 29; 336-342. 
Grayson, J. 1952. Internal calorimetry in the determination of thermal 
conductivity and blood flow. J. Physiol. 118: 54-72. 
Greenblatt, R. B. 1966. Ovulation stimulation suppression detection. 
1st ed. Lippincott Company, Philadelphia. 
Greiss, F. C., and S. G. Anderson. 1969. Uterine vascular changes during 
the ovarian cycle. Am. J. Obstet. Gynecol. 103: 629-640. 
Greiss, F. C., and S. G. Anderson. 1970. Effect of ovarian hormones on 
the uterine vascular bed. Am. J. Obstet. Gynecol. 107: 829-836. 
Greiss, F. C., and E. L. Marston. 1965. The uterine vascular bed, 
effect of estrogens during ovine pregnancy. Am. J. Obstet. Gynecol. 
93: 720-722. 
Hartman, C. G. 1930. Bimanual rectal palpation as applied to the female 
rhesus monkey. Anatomical Record 45: 263. (Abstr.) 
Hartman, C. G. 1936. The time of ovulation in women. 1st ed. Williams 
& Williams Company, Baltimore. 
Huckabee, W. E., C. Crenshaw, L. B. Curet, L. Mann, and D. H. Barron. 
1970. The effect of exogenous oestrogen on the blood flow and 
oxygen consumption of the uterus of the non-pregnant ewe. Quart. 
J. Exp. Physiol. 55: 16-24. 
Kalman, S. M. 1958. The effect of estrogen on uterine blood flow in the 
rat. J. Pharm. Exp. Ther. 124: 179-181. 
Kapany, N. S., and N. Silbertrust. 1964. Fiber optics spectrophothotome-
ter for in vivo oximetry. Nature 204: 138-142. 
King, B. G., and M. J, Showers. 1969. Human anatomy and physiology. 
6th ed. Saunders Company, Philadelphia. 
Kistner, R. W. 1971. Gynecology. 2nd ed. Yearbook Medical Publisher 
Inc., Chicago. 
Linzell, J. L. 1953. Internal calorimetry in the measurement of blood 
flow with heated thermocouples. J. Physiol. 121: 390-402. 
170 
Loeser, A. 1948. J. Obst. & Gynaec. Brit. Etnp. 55: 17. Original not 
available; cited in Prill, H. J., and F. Gotz. 1961. Blood flow in 
the rnyometrium and endometrium of the uterus. Am. J. Obstet. 
Gynecol. 82: 102-108. 
Markee, J. E. 1932. Rhythmic vascular uterine changes. Am. J. Physiol. 
100: 32-39. 
Mattner, P. E., and D. Thorburn. 1969. Ovarian blood flow in sheep 
during the oestrous cycle. J. Reprod. Fertil. 19: 547-549. 
Mattox, J. H., R. J. Luby, and M. Kline. 1976. The detection of ovula­
tion by intravaginal telemetry. Fertil. and Steril. 27: 1029-
1035. 
McDonald, L. E. 1975. Veterinary endocrinology and reproduction. 2nd 
ed. Lea & Febiger, Philadelphia. 
Mirsky, A. E., and H. Ris. 1951. The composition and structure of iso­
lated chromosomes. J. Gen. Physiol. 34: 475-491. 
Moghissi, K. S. 1976. Accuracy of basal body temperature for ovulation 
detection. Fertil. and Steril. 27: 1415-1421. 
Odell, W. D., and D. L. Moyer. 1971. Physiology of reproduction. 1st 
ed. C. V. Mosby Company, St. Louis. 
Page, E. W., C. A. Villee, and D. B. Villee. 1972. Human reproduction. 
1st ed. Saunders, Philadelphia. 
Palti, Y., and B. Bercovici. 1967. Photoplethysmographic study of the 
vaginal blood pulse. Am. J. Obstet. Gynecol. 97: 143-154. 
Papanicolaou, G. N. 1933. The sexual cycle in the human female as re­
vealed by vaginal smear. Am. J. Anat. 52: 519-616. 
Parsons, L., H. J. Macmillan, and J. 0. Whittaker. 1958. Abdomino­
vaginal electric potential differences with special reference to the 
ovulatory phase. Am. J. Obstet. Gynecol. 75: 121-131. 
Prill, H. J., and F. Gotz. 1961. Blood flow in the myometrium and 
endometrium of the uterus. Am. J. Obstet. Gynecol. 82: 102-108. 
Reynolds, S. R. M. 1965. Physiology of the uterus. 3rd ed. Hafner 
Publishing Company, Inc., New York. 
Rhodes, P. 1969. Reproductive physiology for medical students. J. & A. 
Churchill Ltd., London. 
171 
Richards, C. H., S. Wolf, and 6. Wolf. 1942. The measurement and re­
cording of gastroduodenal blood flow in man by means of a thermal 
gradientometer. J. Clin. Invest. 21: 551-558. 
Rodbard, D. 1968. Mechanics of ovulation. J. CI in.Endocrinol. 28: 
849-861. 
Roland, M. A. 1952. Simple test for the determination of ovulation 
estrogen activity and early pregnancy using the cervical mucus 
secretions. Am. J. Obstet. Gynecol. 63: 81-89. 
Ruch, T. C., and H. D. Patton. 1973. Physiology and biophysics. 20th 
ed. Saunders, Philadelphia. 
Sal vatore, C. A. 1962. Ergebn. Allg. Path. 42: 148. Original not 
available; cited in Salvatore, C. A. 1968. Arteriole alterations in 
normal and hyperplastic endometrium. Am. J. Obstet. Gynecol. 102: 
493-500. 
Salvatore, C. A. 1968. Arteriole alterations in normal and hyperplastic 
endometrium. Am. J. Obstet. Gynecol. 102: 493-500. 
Salvatore, C. A., and G. Schreiber. 1947. Mem. Inst. Butantan 20: 39. 
Original not available; cited in Salvatore, C. A. 1968. Arteriole 
alterations in normal and hyperplastic endometrium. Am. J. Obstet. 
Gynecol. 102: 493-500. 
Saxena, B. B., H. Demura, H. M. Gandy, and R. E. Peterson. 1968. 
Radioimmunoassay of human follicle stimulating and luteinizing hor­
mones in plasma. J. Clin. Endocrinol. 28: 519-534. 
Seagrave, R. C. 1971. Biomedical applications of heat and mass transfer. 
1st ed. Iowa State University Press, Ames. 
Sevag, M. G., and S. W. Col ton. 1959. Simple chemical method for the 
determination of ovulation time in women. J. Am. Med. Ass. 170: 
13-18. 
Shorr, E. 1941. New technique for staining vaginal smears: III. A 
single differential stain. Science 94: 545-546. 
Singer, A., R. Thomas, and B. Spector. 1964. An automatic system for 
the measurement and recording of BBT in the human female. Fertil. 
and Steril. 15: 44-51. 
Sturgis, S. H., and W. T. Pommerenke. 1950. The clinical signs of ovula­
tion, a survey of opinions. Fertil. and Steril. 1: 113-122. 
172 
Tompkins, P. 1944. Use of basal temperature graphs in determining the 
date of ovulation. J. Am. Med. Ass. 124: 698-700. 
Velardo, J. T. 1958. The endocrinology of reproduction. 1st ed. Oxford 
University Press, New York. 
Weast, R. C. 1972-1973. Handbook of chemistry and physics. 53rd ed. 
Chemical Rubber Company, Cleveland. 
Weinman, J. 1967. Photoplethysmography. Pages 185-217 _in P. H. 
Venables and I. Martin, eds. A manual of psychophysiological 
methods. 1st ed. John Wiley & Sons, Inc., New York. 
Weinman, J., and S. Fine. 1973. The use of photoconductive cells in 
photoplethysmography. Med. Biol. Eng. 11: 455-462. 
Wong, B. 1976. Development of a heat transfer method for ovulation 
detection in the sheep. M.S. thesis. Iowa State University, Ames. 
Woodburn, R. T. 1969. Essentials of human anatomy. 4th ed. Oxford 
University Press, New York. 
World Health Organization. 1976. The fifth annual report on expanded 
programme of research, development and research training in human 
reproduction. WHO, Geneva, Switzerland. 
Zijlstra, W. G., and G. A. Mook. 1962. Medical reflection photometry. 
1st ed. Royal Van Gorcum Ltd., Assen, Netherlands. 
173 
ACKNOWLEDGMENTS 
The author would like to express his appreciation to his major pro­
fessor, Dr. Curran S. Swift, who functioned as editor and advisor, and his 
committee members, Drs. David L. Carlson, Neal R. Choi vin, George G. 
Koerber and Richard C. Seagrave, for their time and helpful suggestions. 
The author would also like to thank Dr. Yola N. Forbes for her 
assistance in the rabbit experiments. Dr. William C. Wagner for his 
assistance in the sheep experiments, and Katherine A. Brogden for her help 
in the human experiments. 
Thanks are also extended to the Biomedical Engineering Program at 
Iowa State University for its financial support, and to its entire faculty 
and staff, especially Mrs. Joyce B. Feavel for her technical assistance 
and Mrs. Charmian G. Nickey for typing this thesis. 
The author would also like to express deepest thanks to his parents 
who have encouraged and supported him throughout his entire education. 
Finally, no words of any sort can show the author's appreciation to 
his wife whose love and support made this dissertation possible. 
174 
APPENDIX A: BRIEF DESCRIPTION OF THE REPRODUCTIVE 
PHYSIOLOGY OF THE HUMAN FEMALE 
1 
The reproductive organs of the human female consist of the following 
parts: 
Ovary. The sex cells (oocytes) are formed in this organ. These 
cells are located within round structures known as follicles. 
Three types of follicles are found in the ovaries: primary, 
growing, and mature (King and Showers, 1969). Late in the men­
strual cycle, the mature follicle ruptures and releases the ovum. 
This procedure is known as ovulation. After ovulation, follicular 
cells change rapidly into larger cells that contain a yellow 
pigment. These new cells develop into a new structure called the 
co rpus  l u teum (F igu re  A l ) .  
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Figure Al. Schematic diagram of an ovary, showing the sequence of events 
in the origin, the growth and the rupture of an Graafian 
follicle and the formation and the retrogression of corpus 
luteum (McDonald, 1975). 
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2. Fallopian tubes. The fallopian tube or oviduct is a 10 cm chan­
nel through which the ovum moves following ovulation. Fertiliza­
tion usually takes place in the tube end. The fertilized ovum 
remains in the oviduct about four and one-half days, and then it 
enters into the uterus, where implantation takes place. If the 
ovum has not been fertilized, it loses its viability and disinte­
grates after about 24-36 hours (Figure A2). 
3. Uterus. The uterus is a muscular organ located between the 
urinary bladder and the rectum. It is triangular in shape and in 
women of child-bearing age measures 6.5 to 8 cm in length, 2.5 to 
3 cm in thickness, 5 to 6 cm in width at the fundus, and 2.5 to 3 
cm in width at the isthmus (Odell and Moyer, 1971). The fallopian 
tubes are connected to the upper portion of the uterus. The 
lower section ends in the cervical canal which opens into the 
vagina. The interior of the uterus is lined with a mucosal layer 
called endometrium. The fertilized ovum, following cleavage, 
embeds itself in the endometrium, where it undergoes further de­
velopment (Figures A2 and A3). 
4. Cervix. The cervix is the portion of the uterus extending into 
the vagina. The cervical canal, which passes through the cervix, 
measures approximately 2 to 4 cm in length and is the continua­
tion of the interior portion of the uterine cavity (Odell and 
Moyer, 1971; Ruch and Patton, 1973). The body of the cervix is 
composed of connective tissue and smooth muscle fibers. As men­
tioned before, the cervix projects into the upper part of the 
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Figure A2. Ovulation, fertilization, cleavage, and embedding in the 
female reproductive tract (Rhodes, 1969). 
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Figure A3. Internal genital organs in the female, partly in frontal 
section (Woodburn, 1969). 
vaginal cavity for a distance of approximately 1 to 2 cm 
(Figures A3 and A4). This dimension was important for the 
cervical probe design. 
5. Vagina. The vagina is positioned with its walls in apposition, 
forming a potential cavity. The interior wall varies in length 
from 6 to 7.5 cm (Odell and Moyer, 1971). Although the entrance 
to the cavity of the vagina is constricted, it is dilated in the 
middle and narrows again near the uterus. (This fact was also 
important for the vaginal probe design). The vagina is composed 
of three layers: epithelium, muscularis, and connective tis­
sues. 
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Figure A4. Median sagittal section of female pelvis (Kistner, 1971). 
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Female Sex Hormones 
The sex hormones in the human female can be divided into two groups: 
pituitary hormones and ovarian hormones. Pituitary hormones are produced 
by the anterior portion or lobe of pituitary gland and are known as the 
gonadotrophic hormones. These hormones act directly on the ovary. In the 
human female, basically two hormones are considered to have gonadotrophic 
activity (Ruch and Patton, 1973; Greenblatt, 1966): 
1. Follicle-Stimulating Hormone (F.S.H.). 
2. Luteinizing Hormone (L.H.). 
The F.S.H. hormone is responsible for the growth of ovarian follicles 
and their maturation. It stimulates the secretion of the ovarian 
hormone estradiol. 
The L.H. hormone has the following basic functions: 
1. In conjunction with F.S.H., it probably contributes to the final 
growth of the follicle. 
2. It is responsible for ovulation and the transformation of the 
ruptured follicle into the corpus luteum. 
3. It stimulates synthesis and secretion of the ovarian hormones. 
The ovarian hormones are estrogen and progesterone. These hormones are 
steroid in nature and are produced by the structures which alternate 
during the menstrual cycle» the follicle and the corpus luteum. These 
hormones are produced, although in greater amounts by the corpus luteum, 
prior to the second month of pregnancy and by the placenta after the first 
month of gestation. 
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Estrogen 
Estrogen is secreted by the ripening follicles and corpus luteum. At 
least six different natural estrogens have been isolated from the plasma 
of the human female. It is believed that the principal product of the 
growing follicle is 176-estradiol. The biological effects of estradiol 
can be summarized as follows: 
1. It stimulates growth of sex organs (mammary glands). 
2. It prepares the uterus for receiving the fertilized ovum. 
3. A small amount of estradiol stimulates the F.S.H. secretion, 
moderate amounts reduce L.H. secretion and large amounts inhibit 
F.S.H. (feed-back regulation). 
4. It triggers the release of L.H. as seen at ovulation. 
5. It aids in the development of the ovarian follicle. 
6. It has general metabolic effects. 
Progesterone 
Progesterone is the characteristic hormone produced by the corpus 
luteum. Its biological effects can be summarized as follows: 
1. It prepares the uterus for reception and maintenance of the 
fertilized ovum during pregnancy. 
2. It inhibits the maturation of additional Graafian follicies and 
ovulation by its feed-back regulation on the hypothalamus (high 
amounts of progesterone inhibit L.H. secretion). 
3. It stimulates further growth of the mammary glands. 
The variation in pituitary and ovarian hormone secretion and their 
effects on the sex cells and the endometrium is briefly shown in FigureA5. 
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Figure A5. Variation in pituitary and ovarian hormone secretion, endo­
metrial morphology and basal body temperature during the 
menstrual cycle. The widths of the arrows indicate the rela­
tive circulating levels of the hormones. (A) indicates inhi­
bition of F.S.H. and stimulation of L.H. secretion by estro­
gens (Greenblatt, 1966). 
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Menstrual Cycle 
The most obvious event of the sex cycle in the human female is the 
bleeding period, the menstrual flow (Hartman, 1936). Menstruation is the 
periodic shedding of the endometrium from the uterus which is seen as a 
blood discharge from the vaginal orifice. This cyclic phenomenon is con­
trolled by the ovarian hormones and is to be looked upon as the prepara­
tion of the endometrium for the reception of a fertilized ovum. When the 
endometrium does not receive a fertilized ovum it breaks down in menstrua­
tion. 
The sequence of events in the ovarian and menstrual cycles may be 
briefly summarized as follows (Rhodes, 1969): 
Ovary ; Graafian follicle—^ovulation—corpus luteum 
The menstrual cycle repeats on the average of every 28 days and this 
period is known as a regular cycle. 
The hormonal changes during the menstrual cycle can be summarized 
1. Growing follicular stage. In this period the initial follicles 
are under development. This stage is characterized hormonally by 
rising levels of F.S.H., low levels of progesterone and L.H., and 
finally rising levels of estrogens. 
detailed description can be found in Biorhythms and Human Repro-
duction, edited by Ferin, M. et al. (1974). 
Endometrium: 
progesterone estrogens 
secreti on —» menstruati on proliferation 
into four stages^: 
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2. Mature follicular stage. This stage is characterized by rising 
levels of estrogens which reach a peak just before ovulation 
(Figure A6). F.S.H. is decreased and just prior to ovulation 
there is a sudden and sharp rise of L.H. into the circulation. 
3. The ovulation stage. In this stage the level of F.S.H. rises 
modestly. The L.H. is in its highest level and stays high for 
approximately 24 hours, then decreases rapidly during the post-
ovulatory phase (Ruch and Patton, 1973). Estradiol, which 
reached its peak just before ovulation, now decreases. At this 
stage progesterone starts its increase. 
4. Post-ovulatory stage. If the ovum is not fertilized, progester­
one reaches a peak level and then decreases before the next 
menses. Estrogen also reaches a second peak and later decreases. 
F.S.H. and L.H. are low in this period of the cycle. If the ovum 
is fertilized, progesterone and estrogen will not decrease from 
their high levels as they do in the nonfertilized cycle. 
Figures A5 and A6 show these hormonal variations clearly. 
Ovulation and its Detection 
Ovulation is defined as the rupture of the mature Graafian follicle 
and release of the egg or ovum. At the moment of rupture, the ovum is 
swept from the follicle into the peritoneal cavity (the cavity on each end 
of the fallopian tube) by the escaping liquor folliculi (the fluid within 
the antrum of the ovarian follicle) (Velardo, 1958). In general only one 
ovum is expelled from the ovaries at each ovulation. This phenomenon is 
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Figure A6. Mean values of L.H., F.S.H., progesterone, and estradiol in 
the same aliquots of daily serum samples obtained from 10 
women during ovulatory cycles (Ferin et al., 1974). 
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not completely understood. It is difficult to understand how only one 
follicle is selected from among the thousands of potential follicles to be 
the one to provide the ovum in that particular cycle. 
Rodbard (1968) has analyzed the process of ovulation by using a 
simplified idealized mathematical and physical model of the mammalian 
follicle. The follicle was assumed to be a thin-walled elastic sphere 
composed of a semipermeable membrane obeying Hooke's law. The liquor 
folliculi was assumed to behave as an ideal colloidal solution. After 
derivation of the stress-strain relationship of the wall and the pressure 
characteristics of the follicle, he concluded, "only those follicles in a 
narrow critical region or pressure and radius are eligible for ovulation." 
Only a few women are aware of their ovulation time by symptoms such 
as pelvic pain and mid-month spotting (Sturgis and Pommerenke, 1950). 
There are several methods for the determination of ovulation time. These 
methods include a variety of measurements such as thermal, chemical, 
histological, and electrical. A brief description and history of these 
methods are given below. 
1. Direct observation. By the means of culdoscope human ovulation 
has been observed (Decker, 1951). The direct visualization 
through laparotomy requires clinical facilities and it is not a 
practical test for sequential observation of ovulation. Hartman 
(1930), by daily rectal palpation, was able to diagnose with his 
finger the mature and freshly ruptured follicle in living monkeys. 
He was able to determine the ovulation within one day. The same 
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method was tried by Dickinson (1937) in women. These methods are 
impractical and inconvenient for daily measurements. 
2. Basal body temperature (BBT). Van de Velde, the father of the 
BET technique, in 1905 suggested that the drop in the BBT occur­
ring at mid-cycle indicates ovulation. The BBT is based on the 
thermogenic properties of progesterone. A very typical BBT curve 
(biphasic) shows a low point followed by a sustained rise which 
usually lasts about 14 days (Figures A5 and A7). It was be­
lieved that the monophasic BBT does not indicate an ovulation. 
Recent clinical experiments (Moghissi, 1976) show that the mono-
phasic BBT curve can and does occur during an ovulatory cycle. 
The BBT curves of women with regular cycles, averaging 28 days, 
show a low point occurring between day 11 and day 15. Ovulation 
is thought to occur either at the low point before the sustained 
rise, a day or two before this point, or on the rise from low to 
high (Davis, 1946; Tompkins, 1944). The BBT measurements must be 
taken daily under strict basal condition. An automatic system 
for the continuous measurement of vaginal basal body temperature 
of the human female was described by Singer et al. (1964) and 
Mattox et al. (1976). The system consists of a continuously-
transmitting subminiature radio inserted in the vaginal vault and 
a continuously receiving radio receiver and recorder. Mattox 
compared the oral BBT with the vaginal BBT curve. It was inter­
esting to note that the vaginal determinations were lower and 
more sensitive in depicting the biphasic thermal elevation. BBT 
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Figure A7. Typical oral basal body temperature curves in a normal cycle 
(A), anovulatory cycle (B), and early pregnancy (C) (Page 
et al., 1972). 
measurements are not very accurate and a recent study (Moghissi, 
1976) has shown that in 20% of ovulatory cycles, the BBT curves 
(monophasic) failed to indicate ovulation. 
3. Electro-vaginal potential. Parsons et al. (1958) have described 
a mid-cycle alternation of the vaginal electrical potential. 
This potential was detected by using sensitive recording instru­
ments and electrodes. The active electrode was placed on the 
cervix and the reference electrode was placed on the knee. This 
method has not become a general clinical procedure. 
4. Vaginal cytology smear test. This is a well-established method 
for evaluating the hormonal function of the ovary. With the use 
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of daily smears the sequence of hormonal changes in ovarian 
function may be quite accurately followed during the entire 
menstrual cycle (Greenblatt, 1966). Due to the effect of 
estrogen, the smear becomes completely cornified (Papanicolaou, 
1933; Shorr, 1941). This variation occurs approximately at mid-
cycle after which the smear suddenly changes in that the cells 
become curled and clumped. It is believed that ovulation prob­
ably occurs short of complete cornification of the vaginal smear. 
5. Cervical mucus elasticity test. The rheology of cervical mucus 
is different before and after ovulation (Clift, 1945). The test 
is accomplished by placing the mucus between two test glasses 
and then one of the glasses is slowly raised. The relative 
viscosity of the mucus is obtained by reading the length of the 
stretched mucus. During the fertile period of the menstrual 
cycle, cervical mucus is a clear, low-viscosity liquid which can 
easily be aspirated with a cannula. Following ovulation, the 
mucus becomes thick and its stretch becomes minimal or disappears 
completely (Cohen et al., 1952). This test is good for detection 
of the post- and pre-ovulatory phase. In 1977 attention will be 
devoted by the World Health Organization (1976) towards the de­
velopment of simple techniques for assessing changes in the 
viscosity of cervical mucus. The World Health Organization has 
also started a series of projects on the feasibility of deter­
mining the day of ovulation based on the water content of cervi­
cal mucus and vaginal secretions. Hydrophilic materials could be 
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inserted and the water content of the fluids measured could be 
determined by the degree of hydration, i.e., by a change in the 
diameter of the hydrophilic materials. A close correlation 
between the serum L.H. surge and the peak expansion has been 
observed in these studies. 
6. Rat ovary hyperemia test. This test is based on the fact that 
estrogen increases the female reproductive tract blood flow. 
Farris (1948) was able to determine the time of ovulation within 
6-12 hours employing the above test. He injected two ml of 
morning urine into an immature rat. An increase of the blood 
flow in the ovaries of the rat indicated ovulation. Although 
this test is a good laboratory method for ovulation timing, it 
is not recommended for routine use. 
7. Fern or crystallization test. When thin cervical mucus is 
allowed to dry, it becomes crystallized. The crystals can be 
observed under a low power microscope (Roland, 1952). The char­
acteristic of the crystal in different stages of the cycle can 
lead to the determination of ovulation. 
8. Glucose stick test. Birnberg et al. (1958) reported a simple 
test of ovulation based on the detection of glucose in cervical 
mucus. The glucose was detected by a special enzyme and dye 
which was used in a cotton-tipped applicator. It has been re­
ported (Cohen et al. 1952) that ovulation can occur despite 
negative stick test. 
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9. Sevag-Colton test. In this test ovulation time is evaluated 
according to the pattern of colorimetric reading of the collected 
daily urine (Sevag and Col ton, 1959). This test was later modi­
fied by Behrman (1960). In 1974 a simple colorimetric test was 
developed by the World Health Organization for the prediction of 
ovulation based on the detection of the activity of cervical 
mucus alkaline phosphatase (AP). It appears that as ovulation 
approaches, the quantity of AP in cervical mucus decreases to 
undetectable levels. Preliminary studies of this test have not 
produced conclusive data. 
10. Hormonal measurement test. Ovulation can be detected most 
accurately by the daily measurements of ovarian or gonadotrophic 
hormones. Baird and Guevara (1969) and Saxena et al. (1968), 
using radioimmunoassay (RIA) of the blood, were able to measure 
the estradiol and L. H. peak in women. Fukushima et al. (1964) 
measured urinary F.S.H. and L.H. excretion during the normal 
menstrual cycle of several women. Although the chemical assay 
methods are accurate, they are time consuming and cumbersome to 
use. 
In 1975, a series of projects was started by the World Health Organi­
zation aimed at developing RIA for a number of urinary estrogen metabo­
lites. The estrogen metabolites are of interest because they are abun­
dantly excreted in the urine and should reflect the degree of pre­
ovulatory follicular development. 
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Operating Connections for AD521 
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APPENDIX C: PRECISION THERMISTOR SPECIFICATIONS 
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YSI PRECISION THERMISTOR 
±0.rC INTERCHAN6EABILITY 
Part #44030 
RESISTANCE 3000 OHMS AT 25°C 
TIME CONSTANT^, l^sec.max., 10^ sec.max. 
DISSIPATION 
CONSTANT* 8:mw/°C., 1^ mw/°C 
COLOR CODE. . . .Orange epoxy on body of 
thermistor with black end 
OPERATING TEMPERATURE 
The component is designed to operate below 
75®C. It will operate safely up to 100®C but 
extended use above 75®C may cause it to go 
slightly out of tolerance. 
Use heat sinks (needle nose pliers, etc.) when 
soldering or welding to thermistor leads. 
^Time constant is the time required for the 
thermistor to indicate 63% of a new im­
pressed temperature. 
^Values determined with thermistor suspended 
by its leads in a "well stirred" oil bath. 
^Values determined with thermistor suspended 
by its leads in still air. 
••The dissipation constant is the amount of pow­
er in milliwatts required to raise the thermis­
tor 1°C above the surrounding temperature. 
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RESISTANCE VERSUS TEMPERATURE 
TEMP°C RES TEMP°C RES 
20 3748 40 1598 
21 3583 41 1535 
22 3426 42 1475 
23 3277 43 1418 
24 3135 44 1363 
25 3000 45 1310 
26 2872 46 1260 
27 2750 47 1212 
28 2633 48 1167 
29 2523 49 1123 
30 2417 50 1081 
31 2317 51 1040 
32 2221 52 1002 
33 2130 53 965.0 
34 2042 54 929.6 
35 1959 55 895.8 
36 1880 56 863.3 
37 1805 57 832.2 
38 1733 58 802.3 
39 1664 59 773.7 
